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ABSTRACT
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The Stratigraphic, Sedimentologic, and Paleogeographic Evolution of the EoceneOligocene Grasshopper Extensional Basin, Southwest Montana
by
Joseph P. Matoush, Master of Science
Utah State University, 2002
Major Professor: Dr. Susanne U. Janecke
Department: Geology
Grasshopper basin, located in southwest Montana, is an east-tilted graben
bounded by the listric Muddy-Grasshopper fault and the Meriwether Lewis fault on the
eastern and western margins of the basin, respectively. This basin contains a complex
stratigraphy of intertonguing facies comprised of five unconformity-bounded sequences
of Tertiary alluvial, fluvial, deltaic, and lacustrine sedimentary and volcanic rocks.
Sequence 1 consists of the Challis volcanic Group (Middle Eocene). The sedimentary
rocks of the Medicine Lodge beds (Late Eocene-Late Oligocene) represent sequence 2
and approximately 90% of the basin-fill within Grasshopper basin. Sequence 3 consists
of the Sedimentary Rocks of Everson Creek (Late Oligocene-Early Miocene), sequence 4
is represented by the Sedimentary Rocks of Bannack Pass (Middle-Late Miocene), and
the Six Mile Creek Formation (Late Miocene?) corresponds to sequence 5.
Sequence 2 is the synrift deposit for the Muddy-Grasshopper fault, and was
dominated by lakes that filled axially by rivers from the north. Transverse sediment

influx was present on small fan-delta complexes shed into the lake from the eastern

111

margin and periodic large fluvial-dominated alluvial fan and deltaic deposition from the
western margin. Paleocurrent analyses are consistent with these observations and show
predominantly south-southeastward axial paleoflow directions with west-directed and
east-directed paleoflow on the eastern and western margins, respectively. Petrologic
studies, including sandstone petrography and conglomerate petrology, reveal a mixed
"basement uplift" and "recycled orogen" tectonic provenance. These findings support a
model for Eocene-Oligocene rifting characterized by moderate to high relief
superimposed on the Cretaceous-Early Tertiary Sevier fold-and-thrust belt.
Paleogeographic reconstructions of Grasshopper basin reveal the lack of a
southern basin margin. A correlation of the basin-fill contained in the Medicine Lodge
and Horse Prairie basins to the south with the Medicine Lodge beds (sequence 2) in
Grasshopper basin suggests that each of these basins represents a third of a larger
preexisting extensional basin that was partially dismembered by later phases of continued
extension. Large extensional folds in Grasshopper basin had a small influence on facies
architecture in the basin.
(200 pages)
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INTRODUCTION

The Eocene-Oligocene Grasshopper extensional basin is near the eastern
boundary of a north-northwest (NNW) striking rift zone along the eastern margin of the
Cretaceous-Early Tertiary Sevier fold-and-thrust belt in southwest Montana (MT)
(Janecke, 1994, 1999). The basin is bounded to the west by the Big Hole Divide of the
Beaverhead Mountains , the Pioneer batholith to the north, the Bannack-Argenta Hills to
the east, and the Medicine Lodge basin, the Maiden Peak Spur of the Beaverhead
Mountains , and the Horse Prairie basin to the south (Fig . 1). The field area covers
approximately 400 square km and is included on five-and-a-half U.S. Geological Survey
(USGS) topographic quadrangles (Bannack, Mill Point, Brays Canyon, Grant, Bachelor
Mountain, and Coyote Creek) . The towns of Polaris, MT, and Grant, MT, are
immediately north and south of the basin, respec tively (Fig . 1). This study focused on
geologic mapping , basin analysis, and basin modeling to develop a stratigraphy, to
identify facies and deposition al environments, and to reconstruct the paleogeography of
this Tertiary extensional basin.

Regional Geology
Ruppel et al. (1993) produced a regional 1:250,000-scale geologic map outlining
the many structural features and rock types su1Tounding Grasshopper basin. This map
provides a regional setting of the field area including the location of important regional
structures related to contractile and extensional faulting and general lithologic
descriptions of key pre-Cenozoic rocks that serve as potential source areas for Tertiary
sediment deposited in Grasshopper basin.
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Figure I . Location map of the study area and surrounding Paleogene extensional
basins . Grasshopper basin is a north-trending extensional basin approximately 650
square kilometers in area . The area of the study is outlined in red . AYF = AgencyYearian fault , BF = Beaverhead fault , BDF = Bloody Dick fault , BTF = Blacktail
fault, CFJF = Comet-Fourth of July fault, DF = Deadman fault , LPF = Lemhi Pass
fault , MF = Monument Hills fault , MLF = Meriwether Lewis fault, MGF = MuddyGrasshopper fault, MPF = Maiden Peak fault , RRF= Red Rock fault , SBF =
Salmon basin fault, UDMGF = upper detachment fault of Muddy-Grasshopper fault
system. Modified from Janecke et al. (1998) .
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The Middle Jurassic to Early Eocene fold-and-thrust tectonics of the western
United States, including both the Sevier and Laramide orogenies, have been fairly well
documented (Allmendinger, 1992). A significant amount of field mapping in southwest
Montana has identified individual thrust sheets and related structural features (Scholten et
al., 1955; Schmitt et al., 1995; Sears et al., 1988; Lonn et al., 2000). Coney and Harms
(1984) and Constenius (1996) have suggested that an end to compressional stresses
responsible for thrusting resulted in the gravitational collapse of areas of overthickened
crust. This model may explain the location and origin of Grasshopper basin (Janecke,
1994) (Fig . 2). Recent detailed work has shown that detachment faults may have
reactivated specific thrusts and thrust sheets in southwest Montana (Janecke et al.,
1996a). Faults associated with the eastern margin of the Eocene-Oligocene rift zone in
this region include the Muddy-Grasshopper fault (MGF), which bounds the eastern
margin of Grasshopper basin (Janecke, 1994). These extensional faults are thought to be
closely related , possibly reactivating, severa l Sevier-age compressional structures and
associated thrust sheets (Janecke et al., 1996a).
The principle thrust faults involved are west -dipping, east-vergent thrusts of the
Montana Sevier fold-and-thrust belt. These include the Grasshopper and Maiden Peak
thrust sheets, which are regionally overlain by the Cabin thrust sheet to the westsouthwest (Skipp, 1988). The Medicine Lodge sheet is located to the south of the study
area and is internal to the McKenzie thrust system to the east-southeast, and the Four
Eyes Canyon thrust sheet to the southeast (Skipp, 1988; M'Gonigle et al., 1991; Lonn et
al., 2000; VanDenburg et al., 1998). Grasshopper basin evolved within the
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Note the location of the Renova basin to the east of the rift zone shoulder.
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Grasshopper/Maiden Peak gneissic thrust sheet (Skipp, 1988; Ruppel et al., 1993;
M'Gonigle and Hait, 1997).
The bedrock east of Grasshopper basin ranges in age from Archean to Eocene,
and include a wide range of rock types and several north striking thrust faults and folds
(Lowell, 1965; Coryell and Spang, 1988; Ivy, 1988). Ivy (1988) investigated the
evolution, chemistry, and eruptive history of the Cretaceous Grasshopper Creek and Cold
Spring Creek volcanics. She described a volcanic field near Bannack, Montana, that
covers -160 km 2 . These volcanic rocks are part of the Cretaceous Beaverhead Group.
They have been mapped in the footwall of the Ermont thrust so they either predate
thrusting or are syncontractional (Johnson and Sears, 1988). Lowell (1965) mapped a
large portion of Paleozoic, Mesozoic , and Cenozoic bedrock along the eastern margin of
Grasshopper basin in detail. He identified an extensive amount of Tertiary volcanic rocks
(units Tb, Tr, and Tbd, his map) that stratigraphically overlie Cretaceous volcanic rocks.
Some of the Tertiary volcanics mapped by Lowell (1965) have since been remapped as
Cretaceous volcanics (Ruppel et al., 1993). Additionally, he showed that Paleozoic rocks
are the dominant bedrock exposed to the east of the study area. Locally, the Tertiary
volcanics resemble the Cretaceous volcanic rocks of Ivy (1988). The Tertiary volcanics
covered the pre-extensional, eroded thrust-belt terrain . As the maps of Lowell (1965) and
of Ruppel et al. (1993) show, much of the eroded thrust terrain consists of Mississippian
limestones and Pennsylvanian shales, sandstones, and orthoquartzites.
The bedrock west of Grasshopper basin is characterized by fewer lithologies and
is structurally more simple than the area east of the basin. Coppinger (1974) made a
thorough stratigraphic and structural study of the Middle Proterozoic Belt Supergroup in
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the Beaverhead Mountains, southwest Montana. Structurally, he found the Big Hole
Divide , to the west of Grasshopper basin, to be a homocline characterized by smaller,
northeast-vergent thrust faults, several north -south striking oblique-slip normal faults,
and north-south striking folds. The southwest dipping Bloody Dick Creek normal faultis
located in the Big Hole Divide in the southwest corner of the field area (VanDenburg,
1997; S.U . Janecke , unpublished mapping). A Cretaceous (66-97 Ma) granitic intrusion
lies along northwestern flank of the Big Hole Divide (Ruppel et al., 1993). The primary
focus of Coppinger's (1974) investigation was to work out the stratigraphy of the
Yellowjacket, and Wallace Formations, and the upper Belt Supergroup rocks of the
Missoula Group . The three units are easily distinguished in the field.
Descriptions of Proterozoic rocks provided by Coppinger (1974) established a
basis for distinguishing among rock types derived from the western margin of
Grasshopper basin and deposits derived from the east. Coppinger also mapped the
Tertiary basin fill of Grasshopper basin, broadly differentiating map units. Coppinger
noted that the Tertiary basin fill is coarser in the northern half of the basin, progressively
fining southward.
Various granitic/gneissic lithologies dominate in the north in the Bitteroot Jobe of
the Idaho batholith and Pioneer batholith (Snee, 1982; Desmarais, 1984) and in the south
in the Archean metamorphic basement of the Maiden Peak Spur (M'Gonigle, 1993;
Ruppel et al., 1993). Additional plutonics located to the northwest of the Big Hole
Divide in the footwall of the Big Hole basin may also have served as sources areas (Fig.
3). Zimbelman (1984) also described in detail the geology of the Polaris quadrangle, just
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north of the field area, where Proterozoic quartzite of the Missoula Group (Belt
Supergroup) are thrust over Paleozoic sandstones, orthoquartzites, and limestones.
The Tertiary stratigraphic sequence exposed in Grasshopper basin contains
numerous feldspathic sandstones that vary in composition and degree of maturity
(Thomas, 1995; S.U. Janecke , reconnaissance mapping). Studies of the emplacement and
cooling history of various plutonic bodies establish the likely sources for feldspathic
sandstones in this region. Plutons in the Anaconda Range and NW Pioneer batholith
(Snee, 1982; Desmarais, 1983; Kalakay et al., 2000) (Fig . 3) may have been the sources
for the two-mica feldspathic sandstones (Thomas, 1995) (Table 1). Gneissic Archean
basement associated with the Maiden Peak Spur and Bloody Dick Creek of the western
margin of Horse Prairie basin to the south (Fig. 3) also may have provided detritus to
feldspathic sediments in Grasshopper basin (M'Gonigle et al., 1991; M'Gonigle and Hait,
1997).
Fine-grained sedimentary rocks through much of southwest Montana, ranging in
age from Late Eocene to Early Miocene, commonly have been assigned to the
dominantly fine-grained Renova Formation (Fields et al., 1985; Hanneman and
Wideman, 1991). The Renova Formation has become controversial both in its lithologic
character and in its tectonic significance (Monroe, 1981; Hanneman and Wideman, 1991;
Janecke , 1994). Janecke (1994) proposed that fine-grained sedimentary rocks east of
112°50' west longitude were deposited in a tectonically passive footwall-flexure basin,
while sedimentary rocks west of that longitude were deposited in an active rift zone (Fig.
2). According to this model , age-equivalent strata in the active rift zone should be
assigned local names and not included within the Renova Formation. The Muddy-

TABLE 1. POSSIBLE PROVENANCES FOR FELDSPATHIC SANDSTONES IN GRASSHOPPER BASIN
Resulting
arkose

BiotiteHornblende

Source
Location

Age (Ma)

Pioneer
Batholith

Pioneer
Batholith

Lithology

Mineral
Size

73-68 Ma

granodiorite and
tonalite

medium
to coarse

77-68 Ma

granodiorite,
tonalite, quart z
diorite

medium

Anaconda
Range

74-60 Ma

foliated
granodioritetonalite

medium

Anaconda
Range

51 Ma

biotitegranodiorite

fine to
medium

Beaverhead
/\fountains

Beaverhead
Mountains

97-66 Ma

Proterozoic

mon zogra nite
and granodiorite

biotite gneiss

?

medium
to coarse

Pluton
Size

Distance to
mid pt.

Structural Location

plag, orthoclase , bt, hbl

45 km·

23km

SW corner of Pioneer
Batholith, intrudes
Grasshopper tluust sheet. N
of basin.

Snee, 1982 ,
p. 31 -35, 134-152

bt, hbl, qtz

225km 2

15kn1

SE comer of Pione er
Batholith , intrudes
Grasshopper thru st shee t. N
of bas in.

Snee, 1982 , p. 31-35

170km 2

60kn1

Intrudes Precambrian Belt
Supergroup, 10 km we&1of
basin-bounding Big Hole
normal fau lt. NNW of basin.

Demarais, 1983 ,
p. 35-40

75km 2

58km

Intrudes Precambrian Belt
Supergroup, 13 km west of
basin-bounding Big Hole
normal fault. NNW of
basin.

Demarais, 1983 ,
p. 35-40

llkm

Intrudes Beaverhead
Mountains . W of basin.
Same litholog y found in
plug near Bannack.

Ruppel et al., 1993

Hanging wall. Exposed
along east -dipping normal
fault (?). W of basin

Ruppel et al., 1993

KeyMinerah

bt, hbl, qtz, plag,
kspar, sphen e

bt, orthoclase, plag , qtz

?

bt, qtz, feldspar

!Ok.ni2

8km 2

References

&km

TABLE 1. (CONTINUED)
Pioneer
Batholith

65-61Ma

granite

Pioneer
Batholith

68-50 Ma

granodiorite

medium
to coarse

medium
to coarse

bt, muse

ht, muse,

18km-

50km

8kni2

36km

Two-mica

58-50 Ma

granodiorite

Archean

granitic gneiss

Anaconda
Range

Feldsparrich

Maiden
Peak
Spur

medium
to coarse

coarse

bt, muse , qtz,
orthoclase , microcline

qtz, plagioclase,
microcline, orthoclase ,
hbt, ht,

lntmdes Precambrian Belt
Supergroup within the
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Grasshopper detachment fault has been identified as the eastern breakaway fault of the
Eocene to Oligocene rift zone of Janecke (1994). If this is correct, then sedimentary
rocks of Grasshopper basin were deposited in the active rift zone. Because the type area
of the Renova Formation is located in the passive footwall-flexure basin, no attempt will
be made to correlate sedimentary deposits of Late Eocene to Early Miocene age in
Grasshopper basin with those of the Renova Formation . Instead, the older Tertiary
deposits in Grasshopper basin will be called the Medicine Lodge beds in following with
the work ofM'Gonigle

(1965), and Flores and M'Gonigle (1991) along strike to the

south in the Medicine Lodge basin.

Local Geology
Grasshopper basin is a structurally complex, dominantly east-tilted half- graben . It
contains Tertiary alluvial fan, fluvial, deltaic, and lacustrine sedimentary and volcanic
rocks. The basin is bounded on the east by the high-angle (45-50°) to low-angle (15-30°)
Muddy-Grasshopper fault, and on the west, by the high-angle (>60°) Meriwether Lewis
fault (Kickham, 2002) (Plate 1). It contains two distinct, orthogonal extensional fold sets
that deform the basin fill (Plate 1). As a result of the compositional differences exhibited
in the pre-Tertiary rocks, Grasshopper basin contains distinct axial, eastern-derived, and
western-derived petrofacies that allow the determination of provenance within each
stratigraphic unit (Fig. 3).
The age of Tertiary deposits in Grasshopper basin are not internally well
constrained although the fossil flora and fauna contained within them are well
characterized (Becker, 1969; Cavender, 1977; Fields et al., 1985; Tabrum and Nichols,
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2001; J.B. Orr, oral communication 2000; Nichols et al., 2001). Becker (1969)
assigned these sedimentary deposits an age of Uppermost Oligocene-Lowermost
Miocene using flora from the middle of the synrift stratigraphy (Table 2). Axelrod
(1998) thought the same flora were uppermost Eocene based on striking similarities with
the Florissant flora.Vertebrate fossils have been found in two locations within the study
area. Early Early Arikareean (25-29.5 Ma) fossils have been found in the northern part of
Grasshopper basin in the upper third of the synrift stratigraphy (Nichols and Hanneman,
unpublished 2000; Tabrum and Nichols, 2001; Tabrum et al., 2001; Nichols et al, 2001).
The fossils there are very similar to Early Arikareean fossils within the Sedimentary
Rock s of Everson Creek in the Horse Prairie basin to the south (VanDenburg, 1997;
Nichols and Hanneman, unpublished 2000; Tabrum and Nichols , 2001; Tabrum et al.,
2001; Nichols et al., 2001) (Table 2). An additional Chadronian (34-37 Ma) rhinoceros
skull was reportedly found near the Pierce Ranch in the southern end of the study area
(Fields et al., 1985) (Table 2).
Several

40

Ar/ 39Ar age determinations have been made in volcanic rocks associated

with these sedimentary rocks both stratigraphically above and below the Tertiary
sedimentary basin-fill in Grasshopper basin . M'Gonigle et al. (1991) provide severa l
40

Ar/ 39Ar determinations yielding ages of 45.7-48.69 Ma from the Challis volcanics

which are unconformably beneath the synrift deposits. These provide a maximum age for
initial deposition in Grasshopper basin (Table 2). VanDenburg et al. (1998) reported
additional

40

Ar/39Ar ages of 46 .01-48.94 Ma for the Challis volcanics (Table 2).

Andesitic basalts unconformably overlying and intruding most of the Tertiary
sedimentary rocks in Grasshopper basin have been dated at 27.5±0.78 and 27.59±0.23

TABLE 2. GEOCHRONOLOGIC DATA
Samele
JMJK-5-00
JKJM-5-00
JMJK-13-00
Christensen
Ranch Flora
Grant Flora
Not known
East Mill Point
Locality
Pierce Ranch
Locality
JM-95-36

Location

Samele Tyee

Unit

Age

1
GQ nw /4 35-Ss 12w
GQ nw /4 35-8s 12w
MPQ sw 1/ 4 l l-7s 12w
MPQ ne / 4 7-8s 12w

gastropod
charaphyte
gastropod
flora

Tlms
Tims
Tmcs
Tsfc

GQ se /4 31-9s 12w
GQ se I 4 3 l -9s l 2w
MPQ SW /4 ll-7s 12w

flora
fish
vertebrates

Tsf
Tsf
Tmcs

Oligocene
Oligocene
Early Early
Arikareean

BMQ 26-9s 13w ??

Rhinoceros skull

Tsfc

Late Eocene
Chadronian

GQ 26-8s 12w

40

JJ-8

MPQ 10-7s 12w

JJ-31

MPQ 23-7s 12w

Ar/39Ar basalt
flow
40
AJ-!39
Ar biotite
40

Ar/39Ar biotite

**Eocene

??
**Late Eocene
Oligocen e

References

Significance

Good (written com. 2001)
Good (written com . 2001)
Good (written com. 2001)
Becker (1969)

Synrift
Synrift
Synrift
Syn rift
Syn rift
Syn rift
Synrift

Tb

27.59

± 0.23 Ma

Becker (1969)
Cavender ( 1977)
Tabrum and Nichols
(2001)
Fields et al. (1985)
Fields et al. (1985) and R.
Nichols (oral comm.
2001)
Janccke et al. (1999)

Tuff
in
Tmcs
Tuff

27.57

± 0.64 Ma

This study

Post dales Tilting
of Sequence 2
Synrift?

30.27

± 0.28 Ma

This study

Synrift

Tmcs
Tb

27.76

± 0.20 Ma

This study

Tb

27.50

± 0.78 Ma

Ti

27.76

± 0.20 Ma

Post dates Tilting
of Sequence 2
Post dates Tilting
of Sequence 2
Post dates Tilting
of Sequence 2
Prerift

Synrift

111
40

JJ-WB

GQ 29-8s 12w

JM-95-13

GQ 35-8s 12w

Ar/39Ar basalt
flow
40 Arf39Ar

BMQ 29-9s 13w

intrusion
40 Arf39Ar

SUJ-96-28

intrusion
40Arf39
Ar

48.69-45.7 Ma
Challis Vole.
Tcv
Medicine Lodge basin
Group
4UAfJ39 A:;
Challis Vole .
Horse Prairie basin
Tcv
48.94-46.01 Ma
Group
** - Age assiB!uncnts in conflict with argon geochronology and/or vertebrate biostratigraph y

Janecke et al. (1999)
This study
M'Gonigle et al. (1991)
VanDenburg et al. (1998)

Prerift

l,J

14
Ma using

40
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Ar/3 Ar methods (J anecke et al., 1999) (Table 2). These ages provide a

minimum age constraint for most of the Tertiary section in Grasshopper basin.
Detailed floral and fauna! studies in the Grasshopper, Horse Prairie, Medicine
Lodge, and other surrounding Tertiary basins in southwest Montana (Becker, 1969;
Fields et al., 1985; Axelrod, 1998; Orr, oral commun. 2000) provide a basis for
understanding the paleogeography and paleoclimate of southwest Montana during the
evolution of Grasshopper basin. Becker used modem floral analogs to conclude that a
wide range of plant communities existed in this region. He identified flora suggestive of
aquatic and marshland environments in addition to flora of humid to subhumid deciduous
to coniferous forests. Becker interpreted paleoelevations to have been 1500 and 2000
feet above sea-level using comparisons to modem flora, and indicates the region received
between 40 and 50 inches of precipitation a year. Axelrod (1998) later reinterpreted the
flora to suggest paleoelevations of 2400 feet above sea-level and characterized by
precipitation values of 30 inches per year.
Paleocurrents measured by Thomas (1995) from eight Tertiary basins in the
region surrounding Grasshopper basin show a dominant east-southeastward paleoflow
and transport direction during the development of these Eocene to Early Miocene basins
(Fig. 4). Thomas suggested that much of southwest Montana was characterized by
subdued topography as a result of being buried beneath a broad southeast flowing
megafan. The apex or origin of this megafan was located at the Chief Joseph Pluton
located in the Anaconda range in the footwall of the Big Hole fault to the northwest.
Janecke (1994) proposed an Eocene-Oligocene rift zone about 100 km wide formed north
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of the East Snake River Plain. Such a rift zone should have produced sufficient
topographic relief to require primarily north-south paleo-transport of sediment in river
systems paralleling the overall structural grain (Fig. 2). Paleocurrent data were collected
throughout Grasshopper basin to test these conflicting hypotheses.
This study was designed to test the hypothesis that Grasshopper basin is the
along-strike, intact equivalent of the more structurally disrupted Medicine Lodge and
Horse Prairie half graben (M'Gonigle and Dalrymple, 1993; VanDenburg et al., 1998;
Janecke and M'Gonigle, unpublished data). Geologic maps and cross sections from work
in the Horse Prairie (VanDenburg, 1997), and Medicine Lodge basins (M'Gonigle, 1993)
provided preliminary surface and subsurface interpretations that were modified and
projected to the north into Grasshopper basin. These two basins are believed to have
been part of a single, east-tilted half graben during early phases of extension, but were
later separated by the Maiden Peak fault (Flores and M'Gonigle, 1991; M'Gonigle &
Dalrymple, 1993; VanDenburg , 1997). Flores and M'Gonigle (1991), while working on
coarse-grained Tertiary deposits in the Medicine Lodge and Horse Prairie basin, proposed
that a larger Paleogene protobasin comprised of both basins existed prior to uplift of the
intervening Maiden Peak Spur. Their model suggested however, that this was the result
of Laramide flexure and that all normal faults postdated the Tertiary basin-fill.
M'Gonigle and Dalrymple (1993) identified the large Muddy-Grasshopper
detachment fault in the Tendoy Mountains due east of the Medicine Lodge basin and
hypothesized that Tertiary deposits in the Medicine Lodge and Horse Prairie basins were
synextensionally deposited during movement on this basin-bounding fault. Correlating
the stratigraphic sequences in the Medicine Lodge basin and western portion of Horse
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Prairie basin has proven difficult due to limited age control, the absence of regional
marker units , and confusing facies relationships (M'Gonigle and Dalrymple, 1993;
VanDenburg, 1997). Detailed stratigraphic and sedimentary analysis of Grasshopper
basin provides an opportunity to tie the stratigraphic units of these three basins together,
and to lend new stratigraphic and paleoenvironmental insight into the complex structural
and stratigraphic evolution of these basins.

Theoretical Models of Extensional Basins
Grasshopper basin can be used to evaluate theoretical and conceptual models
governing the development of extensional basins . Extensive research has been done to
investigate the geologic processes that contribute to the structural and sedimentologic
complexity in rift basins. This work includes: the geometry and relief of border fault
systems, variation in source lithology, accommodation-zone and transfer-zone relations,
geometry of relay ramps, initiation and fault growth, fault linkage, and amount of
effective precipitation (e.g., Leeder & Gawthorpe, 1987; Peacock & Sanderson, 1991;
Schlische , 1991; Gawthorpe and Hurst, 1993; Smith , 1994; Friedmann and Burbank ,
1995; Fowler et al., 1995; Schlische and Anders, 1996; Gupta et al., 1999; Janecke, 1999;
Morley, 1999 ; Cowie et al., 2000; Dawers & Underhill, 2000; Gawthorpe and Leeder,
2000; Mcleod et al., 2000; Sharp et al., 2000; Snyder and Hodges, 2000). Specifically,
Grasshopper basin can be used to address the effects of fault geometry and fold
development on the stratigraphic architecture in extensional basins.
Friedmann and Burbank (1995) investigated the differences between two
extensional end-members: rift basins with high-angle border faults (45-60° fault dips),
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and supradetachment basins with low-angle border faults (15-35° fault dips) (Fig.
5a,c). They concluded that each basin type is characterized by distinct structural and
stratigraphic differences and that intermediate types of basins can exist. In contrast to the
high-angle fault model, the supradetachment model predicts that debris fans shed from
the footwall of the supradetachment basin would be large in comparison to fans shed
from the hanging wall. Depocent ers containing lacustrine sediments are also predicted to
be distal from the surface trace of the detachment.
A clear comprehension of sed imentary architecture in rift basins has proven to be
elusive due to the many possibl e combinations of the structural, sedimentologic, and
climatic factors listed above. Fault growth and linkage, locations of segment boundaries,
accommodation-zone and transfer-zone geometries, and variations in climate have all
been shown to contribute to the stratigra phic variability of rift basins (Morley et al., 1990;
Schlische, 1991; Fedo and Miller, 1992; Kolterman and Gorelick, 1992; Gawthorpe &
Hurst, 1993; Smith, 1994; Fowler et al., 1995; Beratan and Nielson, 1996; Faulds and
Varga, 1998; Morley, 1999; Dawers and Underhill, 2000; Gawthorpe and Leeder, 2000).
For example, variations throu gh time in the rate of slip, fault growth and linkage,
accommodation space produced, and basin infilling are thought to be the dominant
contributing parameters controlling the development of a gross tripartite stratigraphy in
many extensional basins . The tripartite model consists of a vertical stratigraphic
transition from basal fluvial facies to lacustrine facies then returning to fluvial or shallow
lacustrine facies late in the basin history (Olsen, 1990; Contreras et al., 1997). This
stratigraphic sequence is common in many extensional basins, although it is not
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basin margins ------

C) Rift End-Member

Figure 5. Extensional end-member models of Friedmann and Burbank
( 1995) and Grasshopper basin. A) Supradetachment end-member. Note the
low-angle fault and large footwall-derived fan deposits. B) Grasshopper
basin . Note the listric fault, proximal lacustrine depocenter, and small
footwall derived fan deposits . C) Rift end-member. Note high-angle fault
and small footwall-derived fan deposits.
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ubiquitous. This study will determine whether all extensional basins of the Rocky
Mountain Basin and Range exhibit a tripartite stratigraphy.
Very little work has been done to examine the interplay between extensional
folding and syntectonic deposition. Studies by Schlische (1995), Dorsey and Roberts
(1996), Janecke et al. (1998), Benedicto et al. (1999), and Blankenau ( 1999) are
noteworthy exceptions. Structural and stratigraphic relationships identified in
Grasshopper basin show that extensional folds can impose some degree of control on
sedimentation and resultant stratigraphic architectures of extensional basins.

Objectives
Numerous studies conducted in this region have attempted to relate stratigraphic
variability to distinct structural styles (Scholten, 1982; Hanneman and Wideman, 1991;
Thomas, 1995; M'Gonigle and Dalrymple, 1993; Sears et al., 1995; VanDenburg, 1997;
VanDenburg et al., 1998; Blankenau , 1999; Janecke et al., 1999). The primary focus of
this study was to build on current local and regional stratigraphic, sedimentologic, and
tectonic models to add insight into the structural controls on rift-basin evolution in this
region . The objective of this project was to characterize the Cenozoic stratigraphic,
sedimentologic, and paleogeographic evolution of Grasshopper basin. Two specific goals
were to: 1) investigate any structural controls on facies distributions in extensional basins
and 2) establish the paleogeographic evolution of Grasshopper basin and its regional
tectonic importance.
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GENERALIZED STRUCTURAL GEOLOGY

Grasshopper basin is an east-tilted basin situated at the breakaway of an EoceneOligocene rift zone (Janecke, 1994). At least three temporally distinct episodes of
extension have been identified in Grasshopper basin (Kickham, 2002). Two primary
faults have been identified(> 5 km dip slip) along the eastern and western margins of the
basin. The north-south striking Muddy-Grasshopper detachment fault bounds
Grasshopper basin to the east , and the northeast to north-south striking Meriwether Lewis
fault system bounds it to the west (Plate 1).
Extensional folds are closely related to the evolution and geometry of associated
normal faults in Grasshopper basin. As a result the faults and their associated folds are
discussed together in this chapter. Two orientations of extensional folds are identified in
Grasshopper basin: north -south trending and east-west trending. Two southeast-plunging
folds located in the southwe stern portion of the basin are an exception to this
generalization.

Smaller faults and folds of uncertain age are also present throughout the

field area. Structural analyses sugges t three different deformational events can be
identified in Grasshopper basin (Kkkha m, 2002). Descriptions of each deformational
phase and a generalized sequence of events are presented below.
The focus of this chapter is to briefly introduce the major structural features
identified in Grasshopper basin. These data are intended to clarify which structures
(faults and folds) were most important in controlling the facies distribution in
Grasshopper basin. The data are provided to be a foundation for understanding the
tectono-stratigraphic and sedimentary analyses that follow. For a more thorough
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description of the structural attributes of Grasshopper basin, and comprehensive
analysis of the structure see Kickham (2002).

Methods
Structural data were collected while mapping the field area. Analysis of twodimensional reflection seismic data, and the application of a variety of laboratory
methods including stereonet analysis and two-dimensional computer modeling were also
done (Kickham, 2002) . Field data consisted mainly of attitude measurements of bedding
relative to faults and folds and the measurement of fault plane orientations . Slip vectors
were recorded where slickenlines could be measured.

Phase 1
Muddy-Grasshopper Fault. Phase 1 of extension was marked by activation of
the northernmost strand of the regionally extensive Muddy-Grasshopper fault. Portions
of this significant west-dipping normal fault, which bounds the eastern margin of
Grasshopper basin, have previously been identified (Lowell, 1965; Coppinger , 1974;
Ruppel et al., 1993; Coryell and Spang, 1988; Janecke et al., 1998; Janecke et al., 1999;
and M'Gonigle, reconnaissance mapping).
The Muddy-Grasshopper fault is the dominant structure in Grasshopper basin, but
the structure also continues to the south of the study area as much as 60 km where it also
bounds the eastern sides of the Medicine Lodge (Fig. 1) (M'Gonigle et al., 1991;
M'Gonigle, 1993) and Muddy Creek basins (Janecke et al., 1999). Along the 90 km trace
of the Muddy-Grasshopper system it is thought to reactivate preexisting contractional
structures (Janecke et al., 1996a). To the east of Grasshopper basin, the footwall rocks of
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the Muddy-Grasshopper

fault consist of thrusted Paleozoic rocks and Mesozoic rocks

(Beaverhead Formation, Cretaceous undifferientiated volcanics and Mesozoic
sedimentary rocks).

Middle Eocene to late Oligocene basin-fill is exposed in the

hanging-wall of the Muddy-Grasshopper

fault.

Approximately 23 km of the west-southwest dipping Muddy-Grasshopper

fault

has been mapped along the eastern margin of Grasshopper basin varying in strike along
the surface trace. The fault has predominantly north-northwest strike. The trace of the
fault is curvilinear; curving to the west in the Grant quadrangle and swings eastward in
the Mill Point and Bannack quadrangles (Plate 1). The strike of the Muddy-Grasshopper
fault ranges between 144°S and 150°SE. The dip of the fault was determined by
measuring the fault plane in the field and through three point analyses. Measurements of
45°-57° were collected on the fault surface near the center portion of the fault trace in the
northern section of the Grant Quadrangle. In general the fault exhibits dips that range
from 37° to 59°, with the more gentle dip angles located near the northern and southern
extents of the study area and in the subsurface. Dips become gentle at depth
(subhorizontal) due to the listric geometry of the fault. Along some parts of the fault near
the southern margin of the field area the fault is low-angle to the surface. Movement on
the Muddy-Grasshopper

fault is dominantly dip slip, with down to the west sense of

movement. Based on cross section reconstructions, the Muddy-Grasshopper

fault has > 7

km of dip slip displacement; > 6.5 km of heave and > 1.7 km of throw (Kickham, 2002) .
These values are minimum estimates due to the lack of footwall and hanging -wall
cutoffs .
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Associated Folds. Eight transverse extensional folds and the eastern limb of
the large longitudinal Bachelor Mountain anticline are associated with the MuddyGrasshopper fault (Plate 1). Each fold was identified by recognizing changes in the strike
of Tertiary beds in the field and on aerial photographs (Plate 1).
The two transverse folds with enough geometric data to be best characterized are
the Bannack Bench syncline and the Grasshopper Valley anticline. The folds extend
approximately 8 km east-west. The Bannack Bench syncline is located in the Grant and
Mill Point quadrangles sections 29, 21, 22, 23, and 24 T.8.S, R.12.W, where it is 5.5 km
in east-west length. The syncline has < 1.75 km of structural relief based on a vertical
north-south cross section B-B' (Plate 3 ), and has a fold axis plunge and trend of 17°, 109°
to the east (Plate 1). The Grasshopper Valley anticline is located in the Mill Point
quadrangle sections 1, 33, 34, 35, and 36 T.7.S, R.12.W and section 31 T.7.S, R.11.W
where it is >7.75 km in east-west length. This fold has< 1.75 km of structural relief
based on cross section B-B' (Plate 3), and has a fold axis that plunges 12° toward 073°
(Plate 1). These are broad, gentle folds with open interlimb angle of 162° for the
Bannack Bench Syncline and 167° for the Grasshopper Valley anticline (Kickham, 2002).
The large longitudinal Bachelor Mountain anticline dominates the west-southwest
portion of Grasshopper basin located primarily in the Bachelor Mountain quadrangle
(Plate 1). Field data suggest the fold is 6.25 km in length, however, seismic data may
suggest a length of as much as 14 km when extended in the subsurface north of Reservoir
Creek, possibly to Mill Point (Kickham, 2002). Cross section A-A' shows the Bachelor
Mountain anticline has 1.8 km of structural relief, and a fold axis plunge and trend of 07°,
023°NE. The anticline folds units Tsc 1, Tc, Ts, Tsc 2 , and possibly units Tsfc and Tsf. At
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least the east-dipping limb of the Bachelor Mountain anticline formed during the first
phase of deformation (Kickham, 2002).

Phase 2
Deformational phase 2 produced northwest-southeast trending structures. Two
primary folds have been identified, the Coyote Flats anticline and syncline along with
two smaller normal faults, the North and South Bachelor Mountain faults. Evidence for
this phase of deformation is found only in the southern portion of the Bachelor Mountain
quadrangle (sections 1, 11, 12, 13, 21, 22, 25, 26, 27 T .9.S , R.13 .W).

Associated Folds. The two most significant folds associated with phase 2 of
deformation are the Coyote Flats anticline and syncline. The Coyote Flats syncline is
located in the southeast corner of the Bachelor Mountain quadrangle (sections 21, 22, 26,
and 25 T.9.S, R.13.W). Units Tsc 2 and Tsfc are deformed by this syncline; however,
younger sedimentary rocks are deformed to the southeast in the Medicine Lodge basin.
The younger Western strands of the Maiden Peak fault system in Grasshopper basin
deform the Coyote Flats syncline. Stereonet analysis shows that the Coyote Flats syncline
has a plunge and trend of 17°,103°E, and an open interlimb angle of 151° (Kickham,
2002).
The Coyote Flats anticline is faulted by the South Bachelor Mountain fault.
Insufficient exposure prevents a detailed characterization of this fold. The fold has
approximately 0.75 km of structural relief using cross section .D-D' (Plate 3). These two
SE-plunging folds have a spacing of roughly 3.25 km, although their precise locations
and extent are obscured by extensive Quaternary coverage.
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North and South Bachelor Mountain Faults. The North and South Bachelor
Mountain faults are located in the Bachelor Mountain quadrangle sections 11, 12, and 13
T.9.S , R.13 .W. The North Bachelor Mountain fault strikes 292°W and dips
approximately 35°S (exact location of fault trace is uncertain, therefore so is the dip),
using three-point analysis (Kickham, 2002). The fault is approximately 4 km in length.
This fault offsets units Tse 1, Tc, Ts, and Tsc 2 . The South Bachelor Mountain fault
possesses a similar geometry to the North Bachelor Mountain fault although the dip
direction of the fault differs , and is > 6.5 km in length. This fault offsets units Tc, Ts,
Tsc 2 , and Tsfc. The strike of the South Bachelor Mountain fault is 130°E using threepoint calculations, and has a steep dip averaging 67°N. Reconstructing the South
Bachelor Mountain fault from cross sectio n reveals approximately 0.25 km of dip-slip
separation (Plate 3).

Phase 3
Maiden Peak Fault. Although the location of the Maiden Peak fault is to the
south of Gras shopper basin, it is described here because of the role this fault had
regarding the break up of the southern half of the protobasin that includes the
Grasshopper, Medicine Lodge, and Horse Prairie basins. The Maiden Peak fault dies out
northward into Grasshopper basin at the latitude of Horse Prairie Creek in the Bachelor
Mountain quadrangle section 2 T.10.S, R.13.W and section 35 T .9.S, R.13.W (Plate 1).
It has primarily been characterized during studies in the Horse Prairie basin (M'Gonigle,
1994; M'Gonigle and Hait, 1997; VanDenburg, 1997). This fault is described as a northstriking fault that dips 20-35°SW. It has 11.7 km of dip slip displacement across its three
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splays with 9.6 km of heave and 6.7 km of throw (Vandenburg, 1997). Tertiary rocks
in the hanging-wall are juxtaposed next to Archean gneiss, Paleozoic rocks, Challis
Volcanics, and Tertiary sedimentary rocks in the footwall (M'Gonigle, 1994;
Vandenburg, 1997). Slip on the fault is bracketed between post-49.5 Ma and Early
Miocene (Vandenburg, 1997), while most of the deformation occurred during the
deposition of the Sedimentary Rocks of Everson Creek (>28.5 to 16 Ma)(VabDenburg,
1997; VanDenburg et al., 1998).

Meriwether Lewis Fault. Phase 3 of deformation in Grasshopper basin was also
punctuated by the activation of the Meriwether Lewis normal fault system on the western
margin of the basin (Plate 1). Coppinger (1974) and later mapping by Ruppel et al.
(1993) first recognized the presence of a significant normal fault bounding the eastern
margin of the Beaverhead Range in this location. This study shows that this normal fault,
named during this study as the Meriwether Lewis fault, is up to 2 km farther to the west
than previously mapped.
The Meriwether Lewis fault system identified in Grasshopper basin stretches 30.5
km in length in an overall northe ast trend. To the north, several north-south trending
strands exist. The fault system is located on the western margin of Grasshopper basin, in
the Brays Canyon, northwestern Bachelor Mountain, and Coyote Creek quadrangles. The
fault juxtaposes Proterozoic Wallace Formation and Belt Missoula Group in the footwall
adjacent to Tertiary sedimentary rocks in the hanging-wall.
The strike of the Meriwether Lewis fault varies from 004°N to 035°N. The dip of
the faults is generally persistent , averaging between 47-56°E using three point analyses
(Kickham, 2002). Uncertainty exists in the fault dips because mapping of the fault relied
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primarily on the interpretation of aerial photos and reflection seismic data. The
Meriwether Lewis fault exhibits approximately 4 km of heave and at least 3 km of throw
based on cross section reconstruction (Kickham, 2002). A minimum of 5 km of
displacement has accrued along the Meriwether Lewis fault.

Summary
Structural analyses suggest that at least 3 separate deformational events are
presently identified in Grasshopper basin. The first and most important deformational
phase involved the initiation of extension associated with the Muddy-Grasshopper fault
and subsequent basin formation. Deposition of roughly 90% of the Tertiary basin-fill
contained in Grasshopper basin occurred during this phase of deformation related to slip
on the Muddy-Grasshopper fault. An intermediate phase of extension characterized by a
change in the extension direction produced two northwest striking faults and two
associated southeast-plunging extensional folds. The final phase of deformation
produced several northeast to north-south striking normal faults and folds that deform the
hanging-wall of the Muddy-Gra sshopper fault. Significantly less basin-fill
(volumetrically) was deposited in response to deformational phases 2 and 3.
The stratigraphy included in the Medicine Lodge beds (sequence 2) can be
explained by accommodation space produced by the Muddy-Grasshopper fault during
phase 1. Therefore, the northwest trending structures (phase 2) and the Meriwether
Lewis fault (phase 3) will not be addressed when considering the effect of extensional
folding on sedimentation and during discussions regarding the paleogeography of
Grasshopper basin. The Maiden Peak fault (phase 3) is an important structure concerning
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the breakup of the Paleogene protobasin presented in the paleogeographic study of the
Grasshopper, Medicine Lodge, and Horse Prairie basins that follow .
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STRATIGRAPHY

A formal stratigraphy has never been developed in Grasshopper basin prior to this
study. What little is known of the Tertiary rocks in Grasshopper basin is due in part to
regional work by Coppinger (1974), unpublished mapping by John M'Gonigle (U.S.G.S,
retired) in the Grant Quadrangle, sections 10, 11, 12, 13, 14, 15, 22, 23, 24, 25, and 26,
T.9.S, R.12.W, and 18, 19, and 30, T.9.S, R.11.W , and basin-wide reconnaissance by
S.U. Janecke (Utah State University). The stratigraphic sequences in the Horse Prairie
and Medicine Lodge basins to the south have been thoroughly studied by previous
workers (Flores and M'Gonigle , 1991; M'Gonigle et al., 1991; VanDenburg, 1997).
Synrift deposits in Grasshopper basin are thought to be correlative with deposits in the
Horse Prairie and Medicine Lodge basins as a result of this study. This initial correlation
provides the foundation for stratigraphic work in Grasshopper basin (Fig. 6).
The goal of this stratigraphic work is to provide a framework for a detailed
sedimentary analysis of the Tertiary depositional history of Grasshopper basin. In order
to analyze the sedimentologic, tectono-stratigraphic, and paleogeographic evolution of
this basin, it is critical to first document the Tertiary stratigraphy deposited during the
basin's active tectonic history. Pre-Tertiary lithologic descriptions have been modified
from those of Lowell ( 1965), Coppinger (197 4 ), Thomas (1980), Zimbelman (1984 ), and
VanDenburg (1997) . Stratigraphic units are defined in Grasshopper basin by mapping
facies contacts and/or transitions . The resulting stratigraphy consists of a complex
interfingering of units with locally gradational facies boundaries (Fig. 7).
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Late Eocene to Early Miocene stratigraphy in southwest Montana has
historically been assigned to the Renova Formation (Fields et al., 1985; Hanneman and
Wideman, 1991). The dominantly ash-rich, fine-grained Renova Formation, first defined
by Kuenzi and Fields (1971) in the Jefferson basin, east of Grasshopper basin, is
controversial both in lithologic character and tectonic significance (Monroe, 1981;
Hanneman and Wideman, 1991; Janecke, 1994) (Fig. 8). Janecke (1994) proposed that
sediment deposited in the Renova basin, east of the 112°50' west longitude was deposited
in a tectonically quiescent footwall-flexure basin while Fields et al. (1985), Hanneman
and Wideman (1991), and Constenius (1996) have all interpreted the region east of the
112°50' west longitude as an extensio nally tectonic active area. Sediment deposited
west of the Renova basin, according to Janecke (1994), was deposited in an active rift
zone. Grasshopper basin has been placed within the Eocene to Oligocene rift zone of
Janecke (1994) and the basin bounding Muddy-Grasshopper fault is thought to be a
portion of the eastern breakaway fault system for the entire rift zone (Fig. 2). This would
indicate that the Grasshopper basin-fi ll was deposited in the active rift zone if deposition
was synextensional to the Muddy-Grasshopper fault (Plate 1). Due to contrasts between
the lithologic , depositional, and tectonic character of Tertiary deposits in Grasshopper
basin and the Renova Formation , sedimen tary deposits of Late Eocene to Early Miocene
age in this basin will not be correlated with deposits of the Renova Formation. Local
names have been applied to other deposits of the Eocene to Oligocene rift zone (Janecke
et al., 1999) .
The Tertiary rocks in Grasshopper basin have been divided into five stratigraphic
sequences that are separated by unconformities and angular unconforrnities (Fig . 9).
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Sequence 1 consists of the 48 .69-45.7 Ma Challis volcanics (M'Gonigle et al., 1991;
VanDenburg, 1997; VanDenburg et al., 1998) found only in the subsurface of
Grasshopper basin and in paleolandslide deposits. The Medicine Lodge beds, Sequence 2
(units Tsc 1 to Tmc), represent roughly 90% of the basin-fill within Grasshopper basin.
Sequence 3 consists of the Sedimentary rocks of Everson Creek (unit Tee) and 27.5-27.6
Ma basalt flows and intrusions (unjts Ti and Tb). Sequence 4 is represented by the
Sedimentary Rocks of Bannack Pass (unit Tbp). Both the Sedimentary Rocks of Everson
Creek (sequence 3) and the Sedimentary Rocks of Bannack Pass (sequence 4) are limited
in thickness and aerial extent. The Six Mile Creek Formation (unit Tsy) corresponds to
sequence 5 (Fig. 9). Sequences 4 and 5 could be age equivalents differing only by
lithology and position in the basin (Fig. 7).
The older Tertiary stratigrap hic sequence in Grasshopper basin (Tsc 1 to Tmc) is
the lateral equivalent of the Medicine Lodge beds recognized to the south in the Medicine
Lodge and Horse Prairie basins (M'Go nigle , 1965; Flores and M'Gonigle, 1991). This
informal name will be used for sedi mentary deposits of Eocene to Middle Oligocene age
in Grasshopper basin. VanDenburg et al. (1998) did not use the name Medicine Lodge
beds for age-equivalent rocks in the Horse Prairie basin, instead calling them the
Sedimentary Rocks of Bear Creek. They concluded that the Sedimentary Rocks of Bear
Creek are laterally equivalent to the Medicine Lodge beds, but did not establish a
correlation between subunits.
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Methods
The primary stratigraphic data collected during this study were the mapping of
facies contacts and field descriptions of units. Unit descriptions include rock type, grain
size, grain maturity, sorting, visible mineralogy, presence and type of cement, fresh and
weathered color , presence and type of sedimentary structures, and nature of contacts .
Sampling of each unit was done for laboratory analysis, which included 14 thin sections
for sandstone petrography, and sampling for
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Ar/39 Ar geochronology provided by Dr.

William Mcintosh of the New Mexico Geochronology laboratory, and future tephra
correlation geochronology provided by Dr. Barbara Nash of the University of Utah.
Previous descriptive lithologic, map, and stratigraphic work by Flores and M'Gonigle
(1991) , M'Gonigle et al. (1991), M'Gonigle and Hait (1997), and VanDenburg (1997)
was used to initially build and extrapolate the Tertiary stratigraphy northward into
Grasshopper basin.

Pre-Cenozoic Lithologies
Early(?) to Middle(?) Proterozoic Biotite Gneiss (Xb). Middle Proterozoic
gneiss in the study area is exposed in the Coyote Creek Quadrangle in sections 31, 32,
and 33 of T.9.S, R.14.W and consists of predominantly dark gray, medium to coarsegrained, quartz-biotite gneisses and biotitic metasedimentary rocks (Ruppel et al, 1993;
VanDenburg, 1997) (Plate 1). Wispy lenses, seams, and quartz and feldspar augen are
common as are local quartz-rich pegmatite dikes and large quartz veins (Ruppel et al,
1993). Ruppel et al. (1993) report an approximate age of 1.8 Ga for these gneissic and
metasedimentary basement rocks . Hansen (1983) suggested that the Middle Proterozoic
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lithologies in this location were thrust over the Proterozoic Big Creek Formation to the
northeast and were separated from the Big Creek Formation by the Bloody Dick Creek
normal fault to the southwest. Recent mapping (VanDenburg, 1997) has confirmed the
existence of the Bloody Dick Creek normal fault on the southwest margin of the Middle
Proterozoic gneiss. More recent work (Janecke, unpublished mapping) has shown,
however , that the Middle Proterozoic gneiss was not thrust over Proterozoic quartzites on
its northeast margin. Instead , the gneiss underlies the Proterozoic Wallace Formation in a
northeast dipping, apparently nonconformable contact. The absence of lower Belt
stratigraphy between Middle Proterozoic basement and the Wallace(?) Formation
suggests that Gras shopper basin and the SUIToundinglocal area were located near the
depositional and structural margin of the Belt basin in Middle Proterozoic time .

Proterozoic Wallace(?) Formation (pCw). The Proterozoic Wallace(?)
Formation is exposed in a wide belt occupying a majority of the northern and western
portions of the Coyote Creek Quadrangle (Coppinger, 1974) (Plate 1). The formation has
an overall northwest strike with dips ranging from 30° to 60° to the northeast (Coppinger,
1974) . The Wallace(?) Formation is in unconformable and faulted contact with
Quaternary and Tertiary deposits to the east. White, medium to coarse-grained,
moderately to well-sorted, feldspathic quartzite is the dominant lithology with uncommon
0.5-1 m interbeds of pink to red quartzite containing red mud rip-up clasts (Coppinger,
1974). Bedding is generally massive to medium-bedded locally, with meter-scale crossstratification common throughout the unit. Zones of locally recrystallized metamorphic
features are common in this formation (Coppinger, 1974). The assignment of this unit to
a specific part of the Belt Supergroup is uncertain. The work of Coppinger (1974) who
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correlated the white feldspathic quartzite to the Wallace Formation (Middle Belt
Supergroup) was used here. Hansen (1983) correlated the same unit with the Big Creek
Formation of the Lemhi Group and Ruppel et al. (1993) placed the white feldspathic
quartzite into the overlying Proterozoic Missoula Group of the Belt Supergroup. Further
study is needed to resolve this problem .

Proterozoic Pre-Bonner Quartzite, Belt Supergroup (pCm 1). The Proterozoic
Pre-Bonner quartzite is characterized by dark, gray-red to dark orange-red, fine to
medium-grained, poorly to moderately-sorted, micaceous, generally hematitic feldspathic
graywackes and feldspathic quartzites (Coppinger, 1974). Bedding is massive with local
30-50 cm zones of thinly laminated argillaceou s mudstone and 1-2 m sections of thinly
bedded dark red quartzite (Coppin ger, 1974). Laminae are marked by concentrations of
heavy minerals commonly includin g slightly rounded magnetite grains and micas
(Coppinger , 1974). Characteri stic heavy mineral concentrations on laminae surfaces and
the absence of argillaceou s rip-up clasts and cro ss-stratification in the pre-Bonner
quart zite help to distinguish this unit from Bonner and post-Bonner quartzites in the field
(Coppinger , 1974) .

Proterozoic Bonner Quartzite, Belt Supergroup (pCm 2). Proterozoic Bonner
Quartzite consist s of red to pink , fine to medium-grained hematitic to feldspathic
quartzite (Coppinger , 1974). Bedding is massive with sections of thin to thick bedding
uncommon (Coppinger , 1974). Meter scale cross-stratification is common, exhibiting
concentrations of red argillite rip-up clasts that occasionally possess crude imbrication on
cross-bed foresets (Coppinger, 1974). White feldspar flakes lmm across are visible in
hand sample.

40

Proterozoic Post-Bonner Quartzite, Belt Supergroup (pCm 3 ). Post -Bonner
quartzite includes red to light pink, white to light gray in color , medium to coarse-grained
protoquartzite, feldspathic quartzite and feldspathic graywackes (Coppinger, 1974).
Bedding is typically massive to thinly bedded. Cross-stratification and ripple crosslarnination s are common. Some cro ss-bed foreset surfaces may exhibit dark red argillite
rip-up clasts (Coppinger , 1974). White feldspar flakes up to 1-2 mm across are visible in
hand sample. The presence of larger feldspar chips helps to distinguish between postBonner and Bonner quartzite s in the field (Coppinger, 1974).

Cambrian Flathead Formation (Cf) One small exposure of the Middle
Cambrian Flathead Formation is located in the Mill Point Quadrangle, section 9, T.7.S,
R.12 .W (Plate 1). The Flathe ad Formation in this area is characterized by light gray to
yellow -orange lithic and feldspathic sandstones and orthoquartzites. Grains are
subangul ar to subrounded , and sorting is moderate to poor with granular to pebble
conglomerate lenses comm on. Meter to centimeter scale cro ss-stratification is common.
The unit is highly fractured and locally exhibits 0.5-2 m talus slabs. Scolithid structures
have been reported at and near this locality (Coppinger , 1974; Zimbelman, 1984).

Mississippian Madison Group (Mm). The Lower Mississippian Madison
Group consisting of the Mi ssion Canyon and Lodgepole limestones is located in the
immediate footwall of the Muddy-Grasshopper detachment fault from the extreme north
end to south ends of Grasshopper basin (Plate 1). A blue-gray color is typical of the fine
to coarse-grained limestone; however, it generally weathers light gray in outcrop
(Thomas, 1980; Ruppel et al., 1993). Oolitic and crinoid-rich beds are common
throughout the unit with brown to black chert nodular horizons common in the upper part
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of the formation (Thomas, 1980). Large to massive, orange to dark red and yellow
jasperoid bodies are also present near the top of the formation (Thomas, 1980). At least
180-200 m of the Madison Group is exposed in the footwall of the Muddy-Grasshopper
detachment fault to the east of Grasshopper basin. The base of this unit is not exposed in
the study area.

Mississippian to Pennsylvanian Snowcrest Range Group (Pma). The
Snowcrest Range Group is only exposed in the study area in Bannack Quadrangle,
section 17, T.7.S, R.11.W, in the immediate footwall of the Muddy-Grasshopper
detachment fault. This unit consists of interbedded gray, red, and yellow siltstone,
sandstone, and limestone (Thomas, 1980; Ruppel et al., 1993). Siltstones uncommonly
exhibit sandstone lenses and quartzite pebble float. Cross-stratification is visible in some
sandstones but is uncommon in this exposure. Limestones are typically thin, ranging
from 20-60 cm in thickness (Thomas, 1980).

Pennsylvanian Quadrant Formation (Pg). The Pennsylvanian Quadrant
Formation is only exposed in the Bannack Quadrangle sections 16 and 17, T.7.S, R.11.W ,
in the footwall of the Muddy-Gras shopper detachment fault, and in sections 3, 4, 9, and
10, T .7.S, R.11.W, due east of significant exposures of the Tertiary Six Mile Creek
Formation. The Quadrant Formation consists of gray to yellow-orange, fine to medium
grained, moderately to well-sorted sandstone and orthoquartzite (Lowell, 1965; Ruppel et
al., 1993). Clean quartz sandstones vary from poorly to moderately indurated exhibiting
iron oxide and cements . Quartz cemented orthoquartzites are primarily fine-grained and
typically well sorted (Lowell, 1965). Centimeter scale cross-stratification is common.
The unit is characteristically highly fractured in outcrop and accompanied by significant
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talus fans or aprons of 0.5-6 m blocks of sandstone. Thicknesses range from 200-350
m in the Bannack and eastern Mill Point quadrangles (Thomas, 1980).

Cretaceous Beaverhead Group (Kb). The Cretaceous Beaverhead Group is a
synorogenic conglomerate that was shed from highlands related to the Cretaceous to
Early Tertiary Sevier fold and thrust belt (Schmidt and Hendrix, 1981; Sears et al., 1988;
Schmidt et al., 1995). The Group consists of poorly-sorted, subangular to subrounded,
calcite cemented limestone-clast conglomerate with quartz-sand matrix (Coppinger,
1974; Ruppel et al., 1993; Schmitt et al., 1995). Yellow-orange to gray quartzite and
sandstone clasts are also found but are uncommon . Clast sizes range from granular (3-4
mm) to pebble (5-25 mm) with boulder sized (>256 mm) clasts present but less abundant
(Johnson and Sears, 1988; Ruppel et al., 1993). Ruppel et al. (1993) report as much as
350 m of this formation is expo sed in the footwall of the Muddy-Grasshopper detachment
fault.

Cretaceous Volcanics Undifferentiated (Kvu). Cretaceous high-potassium
dacites and minor andesites are exposed in the footwall of the Muddy-Grasshopper fault
(Ivy, 1988; Ruppel et al., 1993). Ruppel et al. (1993) describe an upper lava-flow unit
and a lower silicic pyroclastic flow unit. The upper unit consists of high-potassium
dacite, andesite and dacite breccias , lava flows, volcaniclastic sedimentary rocks
including pebble conglomerates and sandstones, tuffs and dikes (Ruppel et al., 1993).
The lower unit consists of light tan to white, pyroclastic flows and nonporphyritic to
porphryitic, locally zeolitized tuffs (Ruppel et al., 1993). The Grasshopper Creek and
Cold Spring Creek tuffs are included within this unit (Ivy, 1988). This unit is
interbedded in the Beaverhead Group (Ivy, 1988; Johnson and Sears, 1988).
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Cenozoic Lithologies
Field studies show that Grasshopper basin contains approximately 3500 m of
Tertiary sedimentary and volcanic rocks that unconformably overlie thrust-faulted
Paleozoic and Mesozoic Sedimentary and volcanic rocks to the east and northeast. These
deposits are underlain by Protero zoic quartzites in the north and to the west as well as
Cretaceous and Early Tertiary intrusives to the north (Fig. 10). Exposure in this basin
was not sufficient to identify major unconformities within the Eocene to Late Oligocene
stratigraphic sequence 2 (units Tse, to Tmc). However, angular unconformities are likely
to exist because significant unconformities and/or progressive unconforrnities are present
in the Medicine Lodge basin (M' Gonigle et al., 1991; Janecke, oral communication) to
the south.
Three important angular unconformities have been identified at the base of units
Tee (Oligocene to Early Miocene) , Tbp (Early Miocene), and Tsy (Miocene to Pliocene),
as well as an angular unconformit y separati ng sequence 2 (Tsc 1 to Tmc) below, from
27.50 ± 0.78 Ma andesitic basalt flows above. Thus, five sequences are observed in
Grasshopper basin: 1) Challis volcanics, 2) Medicine Lodge beds (Tsc 1 to Tmc), 3)
Sedimentary rocks of Everson Creek (Tee) and the 27.5-27.6 Ma basalt flows and
intrusions (Ti and Tb), 4) Sedim entary rocks of Bannack Pass (Tbp), and 5) Six Mile
Creek Formation (Tsy) (Fig. 9).

Eocene Challis Volcanics (Tcv). The Challis Volcanics regionally consist of ash
flow and ash fall tuffs, andesitic and basaltic lava flows interbedded with volcaniclastic
sedimentary rocks , which range in color from white to pink, light purple, brown to
reddish-brown, red and gray (M'Gonigle et al., 1991; M'Gonigle and Dalyrmple, 1996;
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VanDenburg, 1997; Blankenau , 1999; Janecke et al., 1999). The Challis Volcanicsare
only preserved at the surface in Grasshopper basin within megabreccias and slide blocks
of unit Tmb. These exposures were mapped as part of two large paleolandslides derived
from the west. The Challis Volcanics (Tcv) may be in the subsurface of Grasshopper
basin by projecting the unit northward using east -west cross sections produced by
M'Gonigle et al. (1991) immediately south of Grasshopper basin; however, a regional
paleovalley model predicts an absence of Challis Volcanics (Tcv) in the subsurface of
Grasshopper basin (Janecke et al., 2000). Sanidine crystals dated using the
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Ar/39Ar

method in the Challis Volcanics (Tcv) from exposures in the Medicine Lodge basin in the
south yielded ages of 48.69-45.7 Ma (M'Gonigle et al., 1991) (Table 2). VanDenburg et
al. (1998) also dated sanidine crystals in the Challis Volcanics (Tcv) east of Lemhi Pass
using
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Ar/39Ar methods and determined ages of 48.94-46.01 Ma (Table 2).

Tertiary Coarse Sedimentary Rocks (Tsc 1). The lower Tertiary coarse
sedimentary unit is the oldest Tertiary unit exposed in Grasshopper basin (Fig. 7).
Exposures of this unit only occur within the core of the Bachelor Mountain anticline in
sections 2, 3, 22, 23, 26, 27, 34, and 35, T.8 .S, R.13 .W in the Bachelor Mountain
Quadrangle. The base of the Tertiary coarse sedimentary rocks (Tsc 1) is not exposed in
the study area with approximately 780 m exposed at the surface. Cross section B-B'
(Plate 3) shows a thickness of at least 850 m of Tertiary coarse sedimentary rocks (Tsc1)
present in Grasshopper basin. This thickness is estimated using surface exposure and
seismic data (Appendix D). Representative measured section 6 (Plate 4b) shows
approximately 19 m of the Tertiary coarse sedimentary rocks (Tsc 1). The Tertiary coarse
sedimentary rocks (Tsc 1) consist predominantly of interbedded organic-rich mudstones
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and shale, siltstones, feldspathic and lithic sandstones, and minor conglomeratic
deposits. Interbedded tuffaceous mudstone and air-fall tuffs were also found.
Mudstones are typically massive to laminated, ranging in color from light gray to
light brown, and contain moderate amounts of organic material, which consist of
amorphous plant material. Siltstones are generally massive to crudely bedded and range
in color from tan to brown. Sandstones are typically fine, medium to coarse -grained,
subangular to subrounded, and poorly to moderately sorted. Color ranges from white to
yellow and tan to yellow-orange. Liesegang banding is common. Rip-up and recycled
clasts of massive, light brown to gray, Tertiary mudstones and siltstones are found in
sandstone beds, but are uncommon.

Sandstones range in thickness from 10 cm to 8 m in

thickness and contain planar and trough cross-stratification. Moderately sorted, granulepebble conglomeratic lenses within sandstones are primarily composed of 3-4 mm
feldspar grains and less commonly 10-20 mm plutonic clasts. Two to four millimeter
clasts of red and white Proterozoic Belt clast are also present but uncommon. Moderate
to high amounts of granule-sized black chert are also present (Appendix B).
The lack of pebble to cobble, red and white quartzite lag conglomerates in the
Tertiary coarse sedimentary rocks (Tsc 1), significant presence of granule-pebble black
chert clasts, and lower organic content distinguishes Tertiary coarse sedimentary rocks
(Tsc 1) from Tertiary coarse sedimentary rocks (Tsc 2). The Tertiary coarse sedimentary
rocks (Tsc 1) are presumed to unconformably overlie the Challis Volcanics (Tcv) in the
subsurface near the southern margin of the field area and Proterozoic and Paleozoic
bedrock in the northern portions of the basin . The Tertiary coarse sedimentary rocks
(Tsc 1) are absent beneath the Tertiary lower conglomerate (Tc) at Mill Point and is
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therefore interpreted to pinchout laterally or be replaced by Tertiary lower
conglomerate (Tc) northward. This relationship would be predicted using basin growth
models with half -graben geometries proposed by Schlische (1991, 1995) and Schlische
and Anders (1996) . This unit appears to be conformably overlain by unit Tertiary lower
conglomerate (Tc) in exposure s in the core of the Bachelor Mountain anticline (Plate 1).
The Tertiary lower coarse sedimentary rocks (Tsc 1) are not very distinctive on reflection
seismic lines in Grasshopper basin; however, projections from the surface show that the
unit is broadly characterized by moderately continuous to discontinuous reflectors (Line
ML-83-01) (Appendix D) . The Tertiary coarse sedimentary rocks (Tsc 1) are the lateral
equivalent to units Tsl and lower-most Tsm in the Medicine Lodge basin (M'Gonigle et
al., 1991) (Fig . 6).

Tertiary Lower Conglomerate (Tc). Roughly 250 m of the Tertiary lower
conglomerate is exposed on both the east and west limbs of the Bachelor Mountain
anticline and at Mill Point. The Tertiary lower conglomerate (Tc) is the coarsest unit
within Gras shopper basin, con sisting of poorly sorted boulder to cobble, and pebble-sized
conglomerate. Exposure s of the Tertiary lower conglomerate (Tc) are found on the east
and west limbs of the Bachelor Mountain anticline in the northeast portion of the
Bachelor Mountain quadrangl e, southeast corner of the Brays Canyon quadrangle, and at
Mill Point. The Tertiary lower conglomerate (Tc) is underlain by the Tertiary coarse
sedimentary rocks (Tsc 1) in exposures in the Bachelor Mountain and Brays Canyon
Qaudrangles, but not at the Mill Point exposure. The Tertiary lower conglomerate (Tc) is
deposited on pre-Tertiary rocks at Mill Point. It is interpreted that the Tertiary lower
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conglomerate (Tc) is probably present in the subsurface between Reservoir Creek and
Mill Point.
The Tertiary lower conglomerate (Tc) appears to have a very broad distribution in
Grasshopper basin. Equivalent deposits extend northward at least to Mill Point and south
to Bachelor Mountian (19 km north-south). This unit occupies both limbs of the
Bachelor Mountain anticline (3 km east-west) when limbs are restored to horizontal.
Correlative deposits in the Medicine Lodge and Horse Prairie basins to the south extend
the unit even farther (M'Gonigle et al., 1991; M ' Gonigle, 1993; M'Gonigle and Hait,
1997; VanDenburg, 1997).
Representative measured section 10 shows approximately 25 m of section through
the Tertiary lower conglomerate (Tc) (Plate 4b). The Tertiary lower conglomerate (Tc) is
typically a clast-supported conglomerate with occasional sandy matrix-supported beds .
The matrix is typically light brown to red-orange in color. Clasts range in color from red
to pink and yellow-orange to tan giving the unit a typically dark red to deep orange color
in outcrop. Local white to tan weathering zones are common along the eastern limb of
the Bachelor Mountain anticline, south of Reservoir Creek. Clasts are composed of
primarily red and white Proterozoi c Belt Supergroup quartzites and less than 20 percent
Tertiary volcanic clasts (andesite, and andesitic-basalt) localized in exposures on the
southern slopes of Bachelor Mountain.
The presence of subequent to nonequent clast shapes accentuate well-developed
clast imbrication , which is typically associated with local meter scale trough crossstratification found in both interbedded sandstones and granular to pebble conglomerate
lenses. Grain size decreases from west to east from boulder-cobble to cobble-pebble-
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sized clasts respectively . Petrified wood is present near the scoured basal contacts of
individual lenticular beds, but is uncommon. The Tertiary lower conglomerate (Tc)
interfingers and grades laterally eastward with the Tertiary conglomeratic sandstone (Ts).
The Tertiary lower conglomerate (Tc) underlies the Tertiary coarse sedimentary rocks
(Tsc 2) in local angular unconformable contact (Plate 1). This relationship may be due to
growth on the eastern limb of the longitudinal Bachelor Mountain anticline during phase
1 of deformation (Plate 3). The seismic reflection character of the Tertiary lower
conglomerate (Tc) produces laterally discontinuous to chaotic reflectors (Lines ML-8301) (Appendix D). The Tertiary lower conglomerate (Tc) is interpreted as the alongstrike, time-equivalent of unit Tc in the Medicine Lodge basin 8.5 km to the south
(M'Gonigle et al., 1991; M ' Gonigle and Hait, 1997) (Fig. 6).

Tertiary Megabreccia and Blocks (Tmb). Megabreccias and slide blocks
related to Tertiary mass movem ent are found both low and high in sequence 2 and are
interpreted to have been deriv ed from source highlands located west and east of
Grasshopper basin. Middle Eoc ene to early Oligocene deposits consisting of brecciated
and intact blocks of red , pink, and white quartzite are interpreted as being derived from
Proterozoic quartzites of the Belt Supergroup to the west early in the basin history.
Exposures of Belt derived masses are found in the Bachelor Mountain Quadrangle, in
sections 5, 29, and 32, T.9.S, R.13.W on Red Butte, and in sections 1, 2, and 11, T.9.S,
R.13. W near the summit of Bachelor Mountain. Deposits of Tertiary megabreccia (Trnb)
near the summit of Bachelor Mountain are encased in the Tertiary lower conglomerate
(Tc) . The Red Butte and Bachelor Mountain localities of Belt Supergroup-derived
Megabreccia deposits preserve thin accumulations of the Eocene Challis Volcanic Group
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(Tcv) on the upper surface of each deposit. Smaller mass-wasting deposits containing
Challis Volcanics (Tcv) derived material are found in the southwest corner of the
Bachelor Mountain Quadrangle on hill 6561, section 32, T.9.S , R.13.W and section 5,
T.10.S, R.13.W . These exposures are interpreted in this study to have been carried down
slope as a part of Tertiary paleoland slides.
Younger Middle to Late Oligocene to Early Miocene megabreccias consisting of
brecciated limestone and limestone and volcanic-clast conglomerates were derived from
Mississippian limestones and Cretaceous Beaverhead Group in the immediate footwall of
the Muddy-Gra sshopper fault. Exposures of paleolandslide deposits derived from an
eastern source are located in the Grant Quadrangle, sections 3, 4, 11, and 34, T.8 and 9.S,
R12.W . The large exposure of eastern derived material located in section 11, T.9 .S,
R.12.W (Plate 1) preserves a Sevier-age thrust fault that places Mississippian limestone
over Cretaceous Beaverhead Group (M'Gonigle, unpublished mapping).
Western derived depo sits appear primarily in association with the Tertiary lower
conglomerate (Tc) , Tertiary conglomeratic sandstone (Ts), Tertiary coarse sedimentary
rocks (Tsc 2 ) and Tertiary coar se-fine sedimentary rocks (Tsfc) low in the stratigraphy and
breccias and blocks derived from the east have been found in association with the
Tertiary conglomeratic mudstone (Tmc) and Tertiary upper-fine sedimentary rocks (Tsfu)
high in the stratigraphic section . Units Ym and Ti of M'Gonigle and Hait (1997) , in
sections 1, 2, 5, T.10 .S, R.13.W in adjoining portions of the Jeff Davis Peak Quadrangle
are here interpreted as megabreccia/landslide deposits. They are associated with the
lateral equivalents of the Tertiary lower conglomerate (Tc), Tertiary conglomeratic
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sandstone (Ts), Tertiary coarse sedimentary rocks (Tsc 2) and Tertiary coarse-fine
sedimentary rocks (Tsfc) (M'Gonigle et al., 1991; M'Gonigle and Hait, 1997).
Tertiary Conglomeratic Sandstone (Ts). Approximately 175 m of yelloworange, gray-orange, white to tan quartz and quartzo-feldspathic sandstone,
orthoquartzite, and red to light brown quartzite clast conglomerate overlies and
interfingers laterally with unit Tc in the southern and eastern Bachelor Mountain,
southwestern Mill Point, and southern Bray's Canyon quadrangles. The Tertiary
conglomeratic sandstone (Ts) was not mapped to the south (M' Gonigle et al., 1991;
M'Gonigle and Hait, 1997) suggesting the unit is either not exposed to the south or
pinches out. The Tertiary conglomeratic sandstone (Ts) is similarly not found to the
north at Mill Point. The Tertiary conglomeratic sandstone (Ts) depositionally overlies a
paleolandslide block of the Tertiary megabreccia and blocks (Tmb) in sections 2 and 29,
T.9 & 10 S., R.13 Won Red Butte in the southern Bachelor Mountain Quadrangle .
The conglomeratic sandstones are medium to fine sand with trough crossstratification common. Beds commonly fine upward and in places are locally massive.
Conglomerate clasts are well rounded and are composed of Proterozoic Belt quartzites
derived from the west. The Tertiary conglomeratic sandstone (Ts) is distinctive in
outcrop because of its high degree of quartz cementation, which makes the unit extremely
durable, the common presence of well-preserved plant impressions, and its red-orange
weathered color.
Tertiary Coarse Sedimentary Rocks (Tsc 2 ). The upper Tertiary coarse
sedimentary unit consists of approximately 780 m of white to yellow-orange, tan to
brown mudstone and siltstone, and tan to yellow -orange conglomeratic feldspathic sands.
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Representative measured sections 4 and 5 and well section 1 (Plate 4 I Fig. 1 la)
illustrate the lithologies observed in the Tertiary coarse sedimentary rocks (Tsc 2 ).
Mudstones are thinly bedded and have a distinctly moderate to high amount of
organic material, consisting primarily of well-preserved leaf impressions and lesser
amorphous plant debris. Subangular to subrounded, poorly sorted, granular to pebble
conglomeratic lenses found within sandstones are primarily composed of red and white
quartzite clasts of the Proterozoic Belt Supergroup but are uncommon. Some
conglomerates have been found in thin, isolated (5-20 cm) tabular beds encased, at least
two-dimensionally, in massive fine to medium sandstone. They generally have sharp
upper and lower contacts and lateral stratigraphic extent of no more than 10-15 m. Clasts
within these tabular beds have characteristically oblate spheroid geometry. The largest
conglomeratic exposures are located just south of Reservoir Creek in section 18, T.8 .S,
R.12.W, in the Mill Point Quadrangle.
Feldspathic sandstones typically range in thickness from 5-30 cm. Sandstones
vary in grain size from very fine to very coarse and commonly contain both planar and
trough cross-stratification. Liesegang banding is common and roughly mimics cross bedding both enhancing and locally obscuring sedimentary structures. Both symmetrical
and asymmetrical rippled sandstones occur in association with the upper 1-2 m of thicker
(5-8 m) sandstone bodies. This unit underlies the Tertiary coarse-fine sedimentary rocks
(Tsfc) in possible slight angular unconformable contact (Plate 1) based on a decrease in
dip up section . The change in dip could also be the result of folding. Overall, the contact
between the two units is gradational. The greater percentage of immature coarse
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sandstones in this unit, granular lag and lenticular pebble conglomerates, meter-scale
bed forms, presence of symmetrical ripple marks, and higher organic content help
differentiate the Tertiary coarse sedimentary rocks (Tsc 2 ) from the Tertiary coarse-fine
sedimentary rocks (Tsfc). Mapping the contact between the two units was additionally
based on the significant decrease in coarse-grained sand and gravel lithologies, and the
transition from shoreline depositional features (i.e., reworked beach gravels) to nearshore
features (i.e., lacustrine bar forms with wind-driven symmetrical ripple marks). This unit
has a similar seismic reflection character to the Tertiary coarse sedimentary rocks (Tsc 1) ,
and produces moderately continuous to discontinuous reflectors (Line ML-83-01)
(Appendix D). The Tertiary coarse sedimentary rocks (Tsc 2 ) are the lateral equivalent of
Tsm in the Medicine Lodge basin (M'Gonigle et al., 1991) (Fig . 6).

Tertiary Coarse-Fine Sedimentary Rocks (Tsfc). The Tertiary coarse-fine
sedimentary unit is approximately 100 m thick in the eastern Bachelor Mountain and
western Grant quadrangles . Repre sentative measured sections 4 , 5, and 7 (Plate 4a,b) and
well section 1 (Fig. Ila) show typical sequences observed in the Tertiary coarse-fine
sedimentary rocks (Tsfc) . The Tertiary coarse-fine sedimentary rocks (Tsfc) are
characterized by interbedded light brown, yellow-orange to white tuffaceous mudstones,
brown-orange siltstones, light brown to orange feldspathic sandstones, and minor
limestone. Mudstones are characterized by moderate to high organic content consisting
of mostly well-preserved leaves and lesser amorphous plant material, and are thinly (1-5
cm) to medium (2-5 cm) bedded. The Tertiary coarse-fine sedimentary rocks (Tsfc)
produced the Christensen Ranch flora of Becker (1969) flora in the SW 1/ 4 , NE 1/ 4 of
section 7, T.8.S, R.12.W in the Mill Point Quadrangle (Table 2). Siltstones are generally

55
massive to laminated in nature and are typically preceded by thin (10-50 cm) massive
to horizontally-bedded sandstones. Siltstones also possess moderate to high volumes of
organic material. Sandstones are tabular to locally lenticular in nature with sharp upper
contacts and sharp to locally scoured lower contacts. The Tertiary fine sedimentary rocks
(Tsf) conformably overlie the Tertiary coarse-fine sedimentary rocks (Tsfc), and the
contact between the two units is largely gradational. A lighter weathering color based on
field observations and high organic content of shale beds in this unit helps to differentiate
it from mudstones in the Tertiary fine sedimentary rocks (Tsf). The higher percentage
and coarse-grained nature of sandstone beds in the Tertiary coarse-fine sedimentary rocks
(Tsfc) are also diagnostic. The Tertiary coarse -fine sedimentary rocks (Tsfc) exhibit
moderately continuous to laterally continuous seismic reflectors (Lines ML-83-01)
(Appendix D). This unit is equivalent to the lower patt of unit Tsu in the Medicine Lodge
basin (M'Gonigle et al., 1991) (Fig. 6).

Tertiary Gravel Conglomerate (Tcg 1). The lower gravel conglomerate
represents a zone where the Tertiary lower conglomerate (Tc) and Tertiary conglomeratic
sandstone (Ts) interfinger with both the Tertiary coarse sedimentary rocks (Tsc 2) and
Tertiary coarse-fine sedimentary rocks (Tsfc). This localized unit is equivalent and
similar in character to the Tertiary lower conglomerate (Tc); however, the unit has been
broken out due to its stratigraphic position and utility as a stratigraphic marker bed.
Clasts in the Tertiary gravel conglomerate (Tcg 1) are generally more angular than clasts
in the Tertiary lower conglomerate (Tc) . Three 2-20 m thick lenticular bodies in the Mill
Point Quadrangle, section 18, T.8.S, R.12. W and a conglomeratic body in the Bachelor
Mountain Quadrangle, section 24, T.9.S, R.13.W, are representative of this unit. The
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Tertiary gravel conglomerate (Tcg 1) consists of cobble to pebble-sized clast supported
conglomerate, yellow-orange to tan, well-cemented quartz sandstones and orthoquartzite.
Clasts are derived 100% from the red and white Proterozoic Belt quartzites to the west of
Grasshopper basin. Clast shapes range from subangular to subrounded and bedding in
the conglomerates is massive to lenticular in outcrop scale.

Tertiary Fine Sedimentary Rocks (TsO. The Tertiary fine sedimentary unit
within Grasshopper basin is the most volumetrically significant facies unit within the
basin-fill.

Up to approximately 1250 m thick in the Grant Quadrangle, the unit accounts

for more than a third of the total basin-fill at the present level of exposure.
Representative measured section 7 and well sections 3, 4, and 6 were measured and
drilled in this unit. The Tertiary fine sedimentary rocks (Tsf) are characterized by
medium to thickly bedded yellow -orange, tan to brown, and light to dark gray mudstones
and orange to light brown subordinate sandstones. Mudstones are characteristically
tuffaceous and exhibit both low to moderate amounts of plant rich organic material and
fish fossils (Becker, 1969; Cavend er, 1977) (Table 2). The fish fossils suggest relatively
low elevations during deposition of the Tertiary fine sedimentary rocks (Tsf) (G. Smith,
written commun . to S.U . Janecke , 2001). Similarly, Axlerod (1998) suggested that fossil
flora contained within these sedimentary rocks represent plant communities that thrived
at elevations at least 1 km lower than current elevation.
Sandstones are tabular with sharp to locally scoured basal contacts and vary in
grain size from lower fine to medium. The Tertiary fine sedimentary rocks (Tsf)
interfingers and is gradational with the Tertiary coarse-fine sedimentary rocks (Tsfc) and
Tertiary upper-fine sedimentary rocks (Tsfu). The darker orange, gray, and brown colors
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of shale beds and lower percentage of sand in this unit help to differentiate it from the
Tertiary coarse-fine sedimentary rocks (Tsfc) and Tertiary upper-fine sedimentary rocks
(Tsfu). Also, sandstones in this unit typically contain Bouma A, B, and C horizons where
as sandstones in units Tsfu and Tsfc do not. The Tertiary fine sedimentary rocks (Tsf)
exhibit laterally continuous to moderately discontinuous seismic reflectors (Lines ML83-01, ML-83-02) (Appendix D). This unit is roughly equivalent to the lower two thirds
of M'Gonigle et al. (1991) unit Tsu (Fig. 6).

Tertiary Upper-Fine Sedimentary Rocks (Tsfu). The Tertiary upper fine
sedimentary unit is at least 550 m thick in the eastern Grant Quadrangle. The Tertiary
upper-fine sedimentary rocks (Tsfu) consist of interbedded medium to thinly-bedded
white, yellow-orange, brown to gray shales and mudstones, gray to brown siltstones, and
yellow-orange to tan lithic and minor feldspathic sandstones. Shales are platy (<1 mm)
to medium-bedded (2-5 cm) and highly tuffaceous in nature locally. Mudstones are
typically massive to crudely bedded. Shales and mudstones contain high to moderate
amounts of plant-rich organic material. Ten to thirty millimeters thick, laterally
discontinuous lignite stringers are common and contain visible plant debris. Sandstones
are typically fine to medium-grained and exhibit several primary sedimentary structures
including low-angle and trough cross-stratification and both symmetric and asymmetric
ripple lamination. This unit interfingers with the Tertiary transitional sedimentary rocks
(Tst) in the north and with the Tertiary conglomeratic mudstone (Tmc) in the east. The
contact between the Tertiary upper-fine sedimentary rocks (Tsfu) and the Tertiary
transitional sedimentary rocks (Tst) is gradational and the contact with the Tertiary
conglomeratic mudstone (Tmc) is poorly constrained due to insufficient exposure. Unit
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Tb does lie unconformably above unit Tsfu, which may also be intruded by Tertiary
intrusions (Ti) . The white to tan, orange to yellow weathering color and platy nature of
mudstone beds in this unit help to differentiate them from mudstones in the Tertiary fine
sedimentary rocks (Tsf). The greater percentage and coarse nature of sandstone beds in
this unit is also diagno stic. The similar, laterally continuous to moderately discontinuous,
seismic reflection character of the Tertiary upper-fine sedimentary rocks (Tsfu) and
Tertiary fine sedimentary rocks (Tsf) makes it difficult to distinguish between the two
units on the seismic profiles. This unit is roughly equivalent to the upper third of unit
Tsu to the south in the Medicine Lodge basin (M'Gonigle et al., 1991) (Fig. 6).

Tertiary Limestone (Tims). Grasshopper basin contains several localized
lacustrine lime stone s within the Tertiary upper-fine sedimentary rocks (Tsfu) and
Tertiary conglomeratic mud stone (Tmc) that are very similar in character to lacustrine
limestones found in other south west Montana basins, which are predominatly thought to
have been domin ated by lacu strine and/or spring fed depositional systems (Monroe,
1981; Field s et al., 1985; Ripl ey, 1987; Flores and M ' Gonigle, 1991; Hanneman and
Wideman, 1991) . The best exposure of Tertiary limestone within Grasshopper basin is
located in section 35, T.8.S, R.12.W of the Grant Quadrangle and is approximately 25 m
thick (Plate 1). The unit is charact erized by massive gray-tan to brown micritic limestone
overall , with local calcareous sandstone and travertine horizons present. Smaller
limestones, 10- 15 cm in thickne ss and with lateral stratigraphic extents of 18-20 m, are
typically silicified and are easily mistaken for chert beds. The Tertiary limestones are
locally thin to thickly bedded (2-15 cm) and locally exhibits small wavy stringers of
brown to yellow-orange mud. The Tertiary limestone (Tims) in Grasshopper basin is
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believed to be equivalent in character to limestones found in the Medicine Lodge basin
(Flores and M' Gonigle, 1991) although the limestones in Grasshopper basin are much
higher in the stratigraphic section. Aquatic gastropod (Genus Stagnicola) fossils are
readily found throughout the unit as well as plant debris resembling charophyte stems
(Table 2) (Steve Good, written commun. 2000).

Tertiary Transitional Sedimentary Rocks (Tst). The Tertiary transitional
sedimentary unit is confined to the northeast part of Grasshopper Basin in the Mill Point
Quadrangle sections 2, 3, 11, 12, 14, 22, 28, 33, 34, and 35, T.7 & 8.S, R.12.W and is at
least 800 m thick. Measured sections 2 and 3 illustrate 58 m and 22 m of section
respectively, within this unit (Plate 4a). The Tertiary transitional sedimentary rocks (Tst)
are transitional between more coarse-grained units like the Tertiary sandy-conglomeratic
mudstone (Tmcs) in the north and the relatively fine-grained Tertiary coarse sedimentary
rocks (Tsc 2 ) in the south. The Tertiary transitional sedimentary rocks (Tst) consist of
massive to thickly bedded (30-100 cm) mudstones, feldspathic sandstones, organic-rich
sandy-siltstones, and thinly laminated organic and micaceous shales. Mudstones are
gray-brown to red in color and are rich in organic material. Small lenses of fine to
medium-grained sandstone, 10-20 cm in thickness and 1-2 min lateral extent,
occasionally interrupt the massive nature of the mudstones. Cyclical variations in color
from white and gray to red and purple may suggest the development of soils. However,
no calcic nodular horizons were observed in the field.
Larger sandstone beds are typically fine to coarse-grained and range in color from
white to yellow-gray. Liesegang banding is common and typically mimics crossstratification. Siltstones are generally massive and range in color from gray-brown to tan.
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Shales are highly organic, contain small (mm) stringers of gypsum and are red to
brown-red in color. Polygonal casts found on the base of mudstones and less commonly
on shales are observed. This unit produces continuous to moderately discontinuous
seismic reflectors (Lines ML-83-01) (Appendix D).

Tertiary Sandy-Conglomeratic Mudstone (Tmcs). The Tertiary sandyconglomeratic mudstone unit reaches at least 1200 m of thickness in the northern reaches
of Grasshopper basin , Mill Point Quadrangle , sections 10, 11, 12, 13, 14, and 15, T. 7 S.,
R. 12 W. This unit consists largely of interbedded mudstone, conglomerate, sandstone,
siltstone, and air-fall tuff in the northern part of Grasshopper Basin, east and southeast of
Mill Point. Measured section 1 (Plate 4a) shows 96 m of the Tertiary sandyconglomeratic mudstone (Tmcs).
Massive mudstones dominate this unit, locally showing thinly-bedded (3-10 cm)
to laminated bedding and nodular textures, possibly due to soil development, in the upper
50 cm-1 m of individual beds. Mudstones range in color from green to gray, but are most
commonly off white to tan. Polygonal shaped casts are found on the base of mudstones
and on pieces of float , but are uncommon. Moderately to poorly sorted, pebble to cobblesize conglomerates are clast-supported, massive and locally normally graded. The
Tertiary sandy-conglomeratic mudstone (Tmcs) ranges in color depending upon the
dominant clast type present in the section; however, many beds are green presumably due
to later diagenesis and zeolitization. Retallack (oral commun. to S.U. Janecke, 2001,
2002) reports finding numerou s calcic soils in the lower portions of unit Tmcs near the
vertebrate locality described by Tabrum and Nichols (2001) and Nichols. No calcic or
nodular soils were found during this study, however, cyclic variations in color from light
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brown and gray to light red and purple similar to those observed in the Tertiary
transitional sedimentary rocks (Tst) were found.
Clasts are rounded, sub-rounded to sub-angular, and nonequent to subequent in
shape allowing for well-developed clast imbrication in both massive and normal graded
beds. Conglomerates commonly grade both laterally and vertically into granular to
coarse sandstones. Cambrian sandstone, Mississippian limestone, Pennsylvanian
sandstone and orthoquartzite, Mesozoic and Cenozoic volcanic clasts match lithologies
exposed east and northeast of Grasshopper basin (footwall of the Muddy-Grasshopper
fault) and red and white Proterozoic quartzite clasts are sourced from local exposures to
the north of Grasshopper basin mapped by Thomas (1981).
Fine to coarse-grained, primarily lithic and locally feldspathic sandstones are
white, light brown-yellow , and green to gray in color. Primary sedimentary structures
include trough and low-angle cross-stratification, plane bed laminations, and ripple crosslaminations.

Mas sive and rippl -laminated sandstones are locally interbedded with

muds tones . Sandstones range in thickness from 10 cm-1 m. Coarse to medium-grained
lithic sandstones fine upward and share similar provenance to conglomerate beds.
Ash-fall tuffs are white and green in color and range in thickness from 10 cm-1 m.
Beds of tuff are tabular with sharp upper and lower contacts. White and green tuffs are
crystal rich, varying in biotite content from 0-50% with crystal sizes ranging from 0.5-1
mm. Altered green tuffs (zeolitized) contain a smaller percentage of biotite than white
tuffs and contain granule to pebble lithic lenses as well as mixed subaerial and
subaqueous mollusk and gastropod fossils (Table 2) (Steve Good, written commun.
2000). These observations suggest some degree of post-depositional reworking. This
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unit interfingers with and is underlain by the Tertiary transitional sedimentary rocks
(Tst) in the south and interfingers with the Tertiary conglomeratic mudstone (Tmc) in the
east (Plate 1).

Tertiary Conglomeratic Mudstone (Tmc). The Tertiary conglomeratic
mudstone is exposed in a belt restricted to within 0.75-2.5 km of the Muddy-Grasshopper
detachment fault on the eastern side of Grasshopper basin and is at least 700 m thick in
the Grant Quadrangle, sections 1, 2, 11, 12, 35, and 36, T.8 & 9.S, R.12.W.
Representative measured section 9 (Plate 4b) and well section 5 (Fig . l lf) show 44 m and
16 m of section, respectively, in the Tertiary conglomeratic mudstone (Tmc).
This unit consists of interbedded mudstone, conglomerate, sandstone, limestone
and calcareous siltstone. The unit is red overall due to the dominant presence of red
mudstone, but also brown and tan to gray in color. Mudstones are generally massive to
thin (3-10 cm) and thickly bedded (30-100 cm), distinctly crimson red in color, and
locally organic rich. Granule to boulder-size conglomerates are matrix-rich, matrixsupported to locally clast-supported. Conglomerates are typically poorly sorted, and
massive in nature with both erosional and nonerosional basal contacts. Inverse grading is
common with normal graded beds less common. Where inversely graded, beds show
irregular upper surfaces characterized by cobble to boulder-size clasts draped by a thin
(2-5 mm) clay cover . Normally graded conglomerate beds locally exhibit vague clast
imbrication. Significant convoluted beds are common within granule to pebble-rich
lenses as are the presence of water escape features. Significant loading structures are also
common near the base of conglomerate beds as well as some coarse-grained sandstones.
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Fine to coarse lithic sandstones are tan to gray in color and are generally
interbedded with conglomerates. Dark gray silicified micritic limestone beds, which
range in thickness from 20-30 cm, are uncommon in the sequence. Calcareous siltstones
are massive, tan in color and contain gastropod fossils and small lenses of lithic granules
and pebbles. This unit interfingers with the Tertiary sandy-conglomeratic mudstone
(Tmcs), Tertiary transitional sedimentary rocks (Tst), and Tertiary upper-fine
sedimentary rocks (Tsfu). This unit has a very distinct chaotic seismic reflector character
and is only observed adjacent to the Muddy-Grasshopper fault (Line Ml-83-01)
(Appendix D). This observation is consistent with surface exposures of the
conglomeratic mudstone being found only within 0.75-2.5 km of the fault. The Tertiary
conglomeratic mudstone (Tmc) is the lateral equivalent of the upper conglomerate unit
Tcu in the Medicine Lodge basin (M'Gonigle et al., 1991) (Fig. 6).

Tertiary Gravel Conglomerate (Tcg 2). The upper gravel conglomerate unit
corresponds to a zone where the Tertiary conglomeratic mudstone (Tmc) interfingers
with the Tertiary transitional sedimentary rocks (Tst) . Like the Tertiary lower gravel
conglomerate (Tcg 1), the Tertiary upper gravel conglomerate (Tcg 2) is useful as a
stratigraphic marker and is not lumped with the equivalent Tertiary conglomeratic
mudstone (Tmc). This unit is characterized by granule to cobble, poorly sorted, matrixsupported to locally clast-supported, volcanic and limestone-clast conglomerates and gray
to orangish-red mudstones and buff, tan to gray lithic sandstones. Local boulders of
Cretaceous plutonics from the immediate footwall of the Muddy-Grasshopper fault near
Bannack, Montana are also found in exposures due east of Bannack State Park.
Conglomerates are massive, and locally show inverse grading with thin (5-10 cm) mud
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drapes observed on the upper bedding surfaces of individual beds. These observations
are very similar to relationships in the Tertiary conglomeratic mudstone (Tmc).

Tertiary Sedimentary Rocks of Everson Creek (Tee). The Sedimentary Rocks
of Everson Creek are not a widely exposed unit in the Grasshopper basin. Unlike the
Horse Prairie basin in the south, exposures of this unit are only found in sections 21, 22,
and 28, T.8.S, R.13 .W in the northern Bachelor Mountain Quadrangle and sections 14
and 22, T.8.S , R.13.W in the southern Brays Canyon Quadrangle. The Tertiary
Sedimentary Rocks of Everson Creek (Tee) is not preserved east of the Bachelor
Mountain anticline in Gras shopper basin. Along the western margin of Grasshopper
basin, this unit overlies the Tertiary lower conglomerate (Tc), Tertiary conglomeratic
sandstone (Ts) and Tertiary coarse sedimentary rocks (Tsc 1) in angular unconformable
contact. This unit is dominated by interbedded white to tan, brown to gray, mediumbedded (10-30 cm) to massive tuffaceous siltstone, massive gray and brown mudstones,
medium to coarse-grained sandstones, and local granular to pebble conglomerate lenses .
Ash-fall tuffs have also been found locally, but are uncommon. Lithic and feldspathic
sandstones are typically thin (30-50 cm) and are lenticular on outcrop scale with lateral
stratigraphic extent of no more than 15 m. Primary sedimentary structures include trough
and planar cross-stratification, plane bed and ripple laminations . Feldspathic sands are
biotite and muscovite bearing and co ntain conglomerate lenses of granule-size black
chert and Proterozoic quartzite clasts, but are uncommon. Reworked ash-fall tuffs are
typically thin (10-45 cm) and are white-gray, blue gray-green in color. Tuffs locally
contain granule to pebble lithic grains, which suggests some degree of reworking. Based
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on exposure in this area, the Tertiary Sedimentary Rocks of Everson Creek (Tee) are at
least 50 m thick in Grasshopper basin.

Tertiary Mafic Intrusions (Ti). Several intrusive gray-black to brown andesitic
basalts are present as plug and dike bodies in the eastern portion of Grasshopper basin.
These igneous bodies are primarily aphanitic with smaller phaneritic bodies also
represented . The Tertiary mafic intrusions in sections 24 and 25, T.8.S., R.12.W are the
intrusive equivalent of basalt flows of the Tertiary basalt flows (Tb) located in the axis of
the Bannack-Bench
40

syncline in the eastern portion of Grasshopper basin . Whole-rock

Ar/39 Ar age determinations from a groundmass concentrate suggest an age of 27.59

±

0.23 Ma (Janecke et al., 1999) (Table 2).

Tertiary Basalt Flows (Tb). Basalt flows are found filling an east-west trending
paleovalley that roughly coincides with the axis of the Bannack Bench syncline in
sections 20, 21, 22, 23, 26, 27, 28 and 29, T.8.S, R.12.W. The flows consist of browngray to black basalt . Outcrop s consist of 2-8 amalgamated flows ranging in individual
thickness.

Locally, flow units exhibit increased vesicularity near the tops of individual

units. Total amalgamated thickness in sections 20, 21, 22, 23, 26, 27, 28 and 29, T.8.S,
R.12.W in the Grant Quadrangle is 12-35m from west to east. A whole-rock
age determination of 27.50

40

9

Ar/3 Ar

± 0.78 Ma from a groundmass concentrate (Janecke et al.,

1999) was from the easternmost erosional remnant (Table 2).

Tertiary Sedimentary Rocks of Bannack Pass (Tbp). Exposures of the
Tertiary Sedimentary Rocks of Bannack Pass are restricted to an outcrop belt within 1 km
of the Meriwether Lewis normal fault along the western side of Grasshopper basin and
suggest that this unit is at least 200 m thick in this area. The Tertiary Sedimentary Rocks
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of Bannack Pass (Tbp) overlie the Tertiary Sedimentary Rocks of Everson Creek (Tee)
in angular unconformable contact along the western margin of Grasshopper basin. The
lightweight and friable makeup of the Sedimentary Rocks of Bannack Pass suggests an
overall tuffaceous nature for this unit. This unit is dominated by light brown to tan
tuffaceous siltstone, white to tan ash-fall tuffs with local granular lenses, light brown to
gray sandstones and local granule to pebble gravelly lenses. Moderate to heavy
bioturbation and numerous stacked paleosols may account for the dominantly massive
and thick-bedded nature of the formation. Rounded siliceous and local calcareous
concretions/nodules are very common and help to distinguish the Sedimentary Rocks of
Bannack Pass (Tbp) from the Sedimentary Rocks of Everson Creek (Tee). The
Sedimentary Rocks of Bannack Pass in Grasshopper basin are correlative with the Late
Early to Early Middle Miocene Sedimentary rocks of Bannack Pass of M'Gonigle (1994)
and VanDenburg et al. (1998) .
Tertiary Six Mile Creek Formation (Tsy). The Six Mile Creek Formation is
most likely the younge st sedimentary deposit within Grasshopper basin and is roughly 75
m thick in locations within the northwestern Bannack and northeastern Mill Point
quadrangles. Exposure of this unit are limited to the northeastern corner of Grasshopper
basin in sections 6, 7, 12, 13, 18, and 24, T. 7 .S., R.12.W, Mill Point Quadrangle and
sections 5, 8, and 17, T.7 .S., R.11 .W, Bannack Quadrangle. The Six Mile Creek
Formation consists of dominantly angular to subangular boulder/cobble/gravel beds with
clasts derived from the Quadrant Formation, Mission Canyon limestone and Mesozoic
and Cenozoic volcanics to the east. Beds are generally made of massive clast-supported
conglomerate with local sand-rich, matrix -supported conglomerate lenses. Local trough
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cross-stratification is present near the basal contacts of local conglomerate lenses. Unit
Tsy is in angular unconformable contact, lying subhorizontal (< 7 degree dip) above older
(Tmc and Tmcs) east-tilted units along the eastern margin of Grasshopper basin. The
overall distribution of this unit indicates that the Six Mile Creek Formation may have
filled preexisting southwest trending paleovalleys (Thomas, 1981; J. Sears, personal
commun. to S.U . Janecke, 1994).

Younger Gravel Deposits
Because the focus of this study is on the Tertiary basin-fill history of Grasshopper
basin, younger Tertiary-Quaternary and Quaternary deposits are not emphasized. Five
younger gravel and alluvium deposits were mapped during field studies. Alluvium Qa,
gravel Qg, older Pleistocene gravel Qg 1 , landslide Qls, and till Qt represent widespread
Quaternary alluvium and gravels, as well as local landslide and moraine deposits.
Somewhat older gravel, QTg, was also mapped along the western margin of the basin.
Alluvium (Qa) represent s active stream deposits of sand-size sediment and
granular to pebble gravels associated with present day streams throughout the study area.
Gravels (Qg and Qg 1) were mapped as deposits, not landforms, so they include hillslope,
and alluvial fan deposits as well as relatively thin gravels that cap extensive erosional
surfaces (pediments) in the basin. Qg 1 in the Brays Canyon Quadrangle in sections 1, 2,
3, 10, 11, and 36, T.7 and 8.S, R.13.W was locally differentiated from Qg due to aerial
photo character. Unit Qg 1 has a smooth appearance on aerial photos due to the lack of
preservation of original flu vial features. Qg 1 is believed to be older than unit Qg. Qg and
Qg 1 gravels generally consist of poorly sorted, unconsolidated, granule to pebble-sized

68
clasts of red and lesser white Proterozoic quartzites from the western boundary of the
basin. Some deposits near the eastern margin of the basin are dominantly characterized
by boulder to cobble volcanic clasts and cobble to granule limestone clasts. Clasts are
generally subangular to well rounded in all deposits. Unit Qg exhibits a distinct rough
appearance on aerial photo s due to preserved fluvial ridge and swale features. Local
landslide deposits (Qls) are found throughout Grasshopper basin. Landslides are obvious
on aerial photographs because of their characteristic hummocky topography and wellexpressed head scarps. Glacial till associated with lateral moraines (Qt) are found along
the western margin of Grasshopper basin at the foot of the Beaverhead Mountains in
section 26, T.7 .S, R.13.W in the Brays Canyon Quadrangle.
QTg consist of poorly sorted, moderately consolidated to unconsolidated,
subangular to subrounded boulders, cobbles and pebbles and coarse granular sand. Clasts
are dominantly red Proterozoic quartzites with lesser white quartzites sourced from the
immediate footwall of the Meriwether Lewis fault. QTg deposits lie unconformably
above deposits of unit Tbp.
There are at least three terraces developed in Qg in section 1, T.7 .S, R.13.W in the
Brays Canyon Quadran gle and sectio ns 6, 28, 29, 30, 31, and 32, T .7.S, R.12.W in the
Mill Point Quadrangle , and at least two distinct geomorphic positions of QTg were
observed in sections 10, 11, 12, 14, and 15, T.8.S, R.13.W in the Brays Canyon
Quadrangle. The highest of these Qg terraces is as much as 30 m above active streams
and the highest QTg deposit was found 75 m above current streambeds. The presence of
varying levels of both Tertiary-Quaternary and Quaternary deposits in Grasshopper basin
and their striking similarity both in character and geomorphic position to similar deposits
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in the Horse Prairie basin (VanDenburg, 1997) suggest that significant stream incision
has occurred since they were formed. This is consistent with the idea of renewed erosion
within the headwaters of the Missouri River drainage basin (VanDenburg, 1997).

Geochronology
40

Ar/39Ar geochronology and both invertebrate and vertebrate biostratigraphy help

to loosely constrain the ages of stratigraphic sequences 1 (Challis volcanics), 2 (Medicine
Lodge beds), and 3 (Sedimentary rocks of Everson Creek (Tee) and the basalt flows and
intrusions (Ti and Tb) between the Middle Eocene and Early Miocene (Fig. 9). Cross
cutting relationships further help to constrain the minimum age of slip on the MuddyGrasshopper fault.
Eocene Challis Volcanics (Tcv). Although not exposed in Grasshopper basin,
the Challis volcanics may reach northward from exposures to the south in Medicine
Lodge basin. The Challis Volcanics would have covered the pre-rift to early rift(?),
eroded thrust terrain, and provide a maximum age constraint for synrift sedimentary
deposits. M'Gonigle et al. (1991) obtained ages of 48.69-45.7 Ma from sanidine crystals
using the

40

Additional

Ar/ 39 Ar method on volcanic rocks in the Medicine Lodge basin (Table 2).

40

Ar/39Ar work on sanidine crystals in the Challis Volcanics near Lemhi Pass

from VanDenburg et al. (1998) yielded ages of 48.94-46.01 Ma (Table 2).
Eocene to Late Oligocene Medicine Lodge Beds (Tsc 1-Tmc). Abundant
invertebrate fossils have been found throughout the Medicine Lodge beds. Localities in
the Tertiary coarse sedimentary rocks (Tsc 2 ) (Mill Point Quadrangle, sections 5 and 6,
T.8.S, R.12.W), Tertiary transitional sedimentary rocks (Tst) (Mill Point Quadrangle,
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sections 34 and 35, T.7.S, R.12 .W), Tertiary sandy-conglomeratic mudstone (Tmcs)
(Mill Point Quadrangle, section s 10 and 15, T.7.S, R.12.W), Tertiary limestone (Tims)/
Tertiary upper-fine sediment ary rocks (Tsfu) (Grant Quadrangle, section 35, T.8 .S,
R.12. W), and Tertiary conglomeratic muds tone (Tmc) (Mill Point Quadrangle , sections
19 and 30, T.7.S , R.11.W) . All invertebrate fossils were sent to Dr. Steve Good,
Department of Geolo gy and Astronomy, West Chester University, Pennsylvania. A
single species of gastropod was found in the Tertiary limestone (Tims). The genus
Stagnicola , an aquatic to semi-aquatic organism, provides a loose age of Eocene for the
Tertiary limestone (Tlms) and Tertiary upper-fine sedimentary rocks (Tsfu). Samples
from the Tertiary sandy-conglomeratic mudstone (Tmcs) yield two distinct fossils : the
gastropod Triodopsi s buttsi (order Pulmon ata, family Polygyridae) a terrestrial pulmonate
snail, and the gastropod Micropygus minutulu s (order Prosobranchia, family
Hydrobiidae) a gill-r espirin g aquatic snail (Table 2) (Good, written commun. 2000).
These invertebrate s provid e a loose age of Upper Eocene for this unit. These age
determinations conflict with the vertebrate biostratigraphy (see below) and are not used to
assign absolute ages to the Terti ary rocks.
The Medicine Lodge beds also contain vertebrate fossils, although unfortunately
they are not as abundant as invertebrates. A Chadronian (34-37 Ma) rhinoceros skull was
purported to have been found in exposures of the Tertiary coarse-fine sedimentary rocks
(Tsfc) near the Pierce Ranch in the Bachelor Mountain Quadrangle, sections 26 and 27,
T.9 .S, R.13.W (Fields et al., 1985) (Table 2). The validity of the age assignment and
fossil locality could not be confirmed but are consistent with other geochronologic data
sets. Early Arikareean (25-29 .5 Ma) vertebrate fossils including tortoises, gophers,
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horses, camels, and oreodonts found in the Tertiary sandy-cong lomeratic mudstone
(Tmcs) in the Mill Point Quadrangle, sections 10 and 11, T.7.S, R.12.W provide a tighter
age constraint of Middle to Late Oligocene (Fields et al., 1985; Nichols et al., 2001)
(Table 2). The presence of this fossil assemblage is consistent with a 28 Ma age of the
deposit (Rettallack, personal communication to S.U. Janecke, 2001). This invertebrate
fossil locality is strikingly similar to localities studied in the Horse Prairie basin within
the Sedimentary Rocks of Everson Creek to the south (VanDenburg, 1997; Nichols,
2001). The Horse Prairie fossil locality in the Sedimentary Rocks of Everson Creek is
thought to be slightly younger (Oligocene to Early Miocene) than the fossiliferous
portion of the Tertiary sandy-conglomeratic mudstone (Tmcs). These chronological data
suggest that the Medicine Lodge beds spanned nearly 20 Ma. The Oldest units
immediately postd ate the Challis Volcanics according to M'Gonigle et al. (1991) and
VanDenburg et al. (1998), therefore are roughly 46-45 Ma (Fig. 9). Depsoition of
sequence 2 (Medicine Lodge beds) continued after Early Early Arikareean time (28.5 to
27.5 Ma) , however , deposition and tilting ceased by 27.5 ± 0.78 and 27.59 ± 0.23 Ma .

Late Oligocene Basalt Flows and Intrusions (Ti and Tb). Whole-rock
40

Ar/39Ar age determination s from unit Ti give an age of 27.59 ± 0.23 Ma (Janecke et al.,

1999). An additional

40

Ar/ 39Ar age determination from unit Tb gives an age of 27.50 ±

0.78 Ma (Janecke et al., 1999) (Table 2). Age determinations from both the basalt flow
(Tb) and their feeder dikes and related plugs (Ti) provide a minimum age constraint
(27.5-27.6 Ma) for the end of tectonic tilt of the Grasshopper basin-fill due to the angular
unconformity between the basalt flows and older sedimentary deposits below .
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Middle Miocene to Late Miocene Six Mile Creek Formation (Tsy). The Six
Mile Creek Formation may be the youngest stratigraphic unit within Grasshopper basin.
Unit Tsy is found lapping over, but not cut , by the Muddy-Grasshopper fault in the
Bannack Quadrangle , section s 5, 8, and 17, T.7.S, R.11.W (Plate 1). This relationship
gives an absolute constraint for the end of tectonism and basin development associated
with slip on the Muddy-Grasshopper fault. The Six Mile Creek Formation is not dated in
Grasshopper basin, but regionally it is 16.4-6.0 Ma (Kuenzi and Fields, 1971; Fields et
al., 1985; Hanneman and Wideman, 1991).

Summary
The Tertiary basin-fill deposits described within Gras shopper basin show an
overall fining- southward trend from interbedded mudstones, coarse conglomerates and
sandstones in the north to mudstones , siltstones, and shales along the southern border.
These observation s are consistent with similar observations made by Coppinger (1974).
Five unconformity bounded sequences have been defined in Grasshopper basin:
1) Challi s volcanics (48.69-45.7 Ma), 2) Medicine Lodge beds (Tsc 1 to Tmc) (45-27 .5
Ma), 3) Sedimentary rocks of Ever son Creek (Tee) (Late Oligocene to Early Miocene)
and the 27.5-27.6 Ma basalt flows and intrusions (Ti and Tb), 4) Sedimentary rocks of
Bannack Pass (Tbp) (Early Miocene), and 5) Six Mile Creek Formation (Tsy) (Middle
Miocene to Early Pliocene) (Fig . 9). Fourteen lithofacies units were defined within the
Medicine Lodge beds of sequence 2, and are found to correlate with units to the south in
the Medicine Lodge and Horse Prairie basins (M' Gonigle et al., 1991; M' Gonigle and
Hait, 1997; VanDenburg, 1997). Field relationships reveal the Medicine Lodge beds
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consist of approximately 3500 m of total stratigraphic thickness in a complex
framework characterized by significant interfingering between lateral facies in
Grasshopper basin. These facies changes are best documented from north to south along
the axis of Grasshopper basin, but also characterize the east-west distribution of facies.
The Tertiary stratigraphy defined during this study offers critical new insight into
the overall tectonic depositional and paleogeographic history of the Grasshopper,
Medicine Lodge and Horse Prairie basins. Detailed field mapping and basin analysis
give new constraints on the margins of Grasshopper basin and a framework to build a
detailed understanding of the basin-wide depositional architecture.
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SEDIMENTOLOGY

Detailed basin analytical studies that focused on sedimentology, floral and faunal
paleontology, and paleoclimate in southwest Montana prior to this study have shown that
many of the non-marine Tertiary basins in the region were characterized by elastic
deposition in dominantly lacustrine environments (Becker, 1969; Monroe , 1981; Fields et
al., 1985; Flores and M'Gonigle, 1991; Hanneman and Wideman, 1991; M'Gonigle and
Dalrymple, 1996; VanDenburg, 1997; Janecke et al., 1999). A thorough stratigraphic and
sedimentary analysis of the Medicine Lodge beds contained in Grasshopper basin
identified 16 depositional facies. This was done in part to simplify the systematic
classification of depositional environme nts represented in Grasshopper basin , and to
relate those deposition al motifs with other basins in the region of southwest Montana.

Facies Analysis
Facies where defined on the basis of variations in grain size, grading, matrix
content, sed iment ary structures present, and relative abundance of organic material.
Most of the depositional mech anisms responsible for the classified facies can be
produced in severa l deposition al settings (Table 3). As a result, several of the facies,
particularly those of sand grain size, are present in some or all of the depositional
environments identified in Grasshopper basin.

Facies Gmm (Massive, Matrix-Supported Conglomerate). Facies Gmm is
composed of massive , poorly sorted, matrix-supported to locally clast-supported, granule
to boulder-sized conglomerate. Gmm beds range in thickness from 50 cm to 3 m. The

TABLE 3. FACIESCODES, DEFINITIONS,AND INTERPRETATIONS
Code

Summary Description

St

Massive , matrix-supported conglomerate .
Inverse graded, matrix-supported conglomerate
Massive , clast-supported conglomerate
Imbricated clasts, clast-supported conglomerate
Nonna! graded , c!ast-supporte<l conglomerate
Trough cross-stratified granular-p ebble
conglomerate
Trough cross-stratified sru1dstone

Sm
Sh
Sr

Massive sandstone
Horizontally-stratified sandstone
Rippled sandstone, synunetric and asynunetric

Sp
SI

Planar cross-stratified sandstone
Low-angle cross-stratified sandstone

Gnun
Gmr
Gem
Gci
Gen
Gt

Fl
Laminated mudstone (Fsl = laminated siltstone)
Fm
Massive mudstone (Fsm = massive siltstone)
Fmo
Massive organic rich mudstone
Clm
Laminated, micritic carbonate
Modified from Miall ( 1984) and Horton and Sclunitt ( 1996 ).

Interpretations
Plastic or pseudoplastic debris flow
Plastic debris flow
Confined and unconfined subaqueous traction flow
Confined subaqueous traction flow
Confined subaqueous traction flow
Confined subaqueous traction flow and flow
migration of three-dimensional subaqueous dunes
Confmed flow migration of three -dimensional
subaqueous dunes
Rapid fallout from turbulent suspension
Confmed and unconfined subaqueous traction flow
Unidirectional migrating sand waves, oscillatory
ripples, and high aggradation climbing ripples
Subaqueous migration of two-dimensional dunes
Subaqueous migration of two-dimensional dunes
along a low-angle surface (<l 0°)
Lacustrine suspension settling, overbank flooding
Overbank or lacustrine suspens ion settling
Overbank and interdistributary ponding
Low energy lacustrine deposition

76
matrix generally consists of muddy silt and muddy, fine to medium-grained sand.
Convolute bedding and centimeter-scale dish structures are present in granular to pebble
rich beds. Basal contacts are both moderately erosional and irregular nonerosional with
basal load features present where Gmm is interbedded with massive fine-grained
sandstones (Sm), siltstones (Fsm), and mudstones (Fm).

Interpretation (Gmm). The depositional mechanism for facies Gmm is
interpreted to be debris flows deposited subaqueously (Dott, 1963; Lowe, 1982;
Ghibaudo, 1992). The grain support mechanisms were matrix content and dispersive
pressure (Lowe, 1982; Horton and Schmitt, 1996). The presence of both erosional and
non-erosional basal contacts suggests both laminar and turbulent flow conditions existed
during sediment transport (Enos, 1977; Horton and Schmitt, 1996). The presence of
convolute bedding, water escape features, and mud drapes on the upper surfaces of Gmm
beds suggests a decrease in the effective density of the debris flow and post depositional
suspension settling due to deposition in an aqueous medium (Postma, 1983, 1984; Allen,
1992).

Facies Gmr (Inversely Graded, Matrix-Supported Conglomerate). Facies
Gmr is very similar to facies Gmm, consisting of poorly-sorted, matrix-supported to
locally clast-supported, granule to boulder sized conglomerate. However, Gmr beds are
inversely graded throughout bedding units (Fig. 12). Large clasts (> 30 cm) commonly
protrude above the upper surfaces of beds. Convolute bedding and water escape features
are also present in interbedded coarse to medium sandstones, although less common than
in facies Gmm. Gmr beds are typically 2-3 m thick. The matrix is typically mud -rich

Figure 12. Representative facies of the Medicine Lodge beds. A) inversely graded, matrix supported
conglomerate. B) imbricated , clast-supported conglomerate. C) trough cross-stratified conglomerate . 0) trough
cross-stratified sandstone. E) massive sandstone. F) horizontally stratified sandstone. G) ripple cross-stratified
sandstone. H) massive and laminated mudstone. I) laminated and massive limestone.
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silt. Bedding contacts are erosional and nonerosional with loading features present
where facies Grnr is interbedded with fine-grained sandstones (Sm) and mudstones (Fm).
Interpretation

(Gmr). Facies Gmr is interpreted as plastic debris flows

deposited subaqueously (Ghibaudo, 1992; Horton and Schmitt, 1996) . Erosional and
nonerosional basal contacts are suggest ive of both laminar and turbulent flow during
sediment transport (Enos, 1977; Horton and Schmitt, 1996). Grain support mechanisms
were matrix content and a vertical increase of debris flow yield strength (Naylor, 1980;
Smith , 1986). The later would explain the presence of a ridge plug of outsized clasts near
the tops of Grnr bed s as opposed to a zone of inverse grading due to dispersive pressure
restricted to the basal portions of beds (Smith, 1986). The presence of convolute
bedding, water escape features, and a mud drape over G1m beds suggests deposition in an
aqueous medium (Postma, 1983, 1984; Allen, 1992).
Facies Gem (Massive, Clast-Supported

Conglomerate).

This facies consists of

massive, poorly-sorted, clast-supported, granular to boulder-sized conglomerate. Gem
beds range in thickness from 1.5-3 m. The matrix in Gem beds is dominantly fine to
medium sand with locally silty sand between framework cla sts. Clast imbrication is
observed locally, but uncommon. Bedding is generally lenticular to tabular on outcrop
scale with typically planar nonerosional to moderately erosive contacts.
Interpretation

(Gem). The depositional mechanisms for facies Gem are

interpreted as hyperconcentrated flows and confined subaqueous traction flow channel
Jag and bar gravels (Smith, 1986). Grain support mechanisms for hyperconcentrated
flows are turbulence, dispersive pressure, and buoyancy (Smith, 1986). The local
presence of traction produced clast imbrication suggests some Gem beds are attributed to
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fluid flow processes. The presence of erosional basal contacts on some beds suggests
that turbulent flow conditions existed during sediment transport and deposition.

Facies Gci (Imbricated, Clast-Supported Conglomerate). Lithofacies Gci is
composed of poorly sorted, clast-supported, granular to boulder-sized conglomerate. The
subequant to nonequant nature of clasts allows for the identification of well-developed
clast on clast imbrication (Fig. 12). Long axes of clasts are commonly oriented
perpendicular to the current direction. Gci beds are typically 1.5-2 m thick. A fine to
medium sand-rich matrix is present throughout deposits of facies Gci. Bedding is
typically lenticul ar to locally tabular on outcrop scale with erosional basal contacts.

Interpretation (Gci). Confined subaqueous traction flow in channels and on
grave l bars is the depositional mechanism responsible for deposit s of facies Gci (Miall,
1984, 1996). The presence of traction produced clast imbrication and erosional basal
contacts suggest deposition of Gci beds were facilitated by fluid flow processe s under
turbulent flow conditions (Miall , 1984, 1996; Boggs , 1995).

Facies Gen (Normal Graded, Clast-Supported Conglomerate). Normal
graded, poorly sorted, clast-supported, granule to pebble and locally cobble-sized
conglomerates are typical of deposits of facies Gen . Gen beds are typically 2-3 m thick
and commonly associated with facies Gem . Facies Gen is generally matrix poor, locally
containing a fine sand matrix around framework clasts. Vague clast imbrication is
observed locally near the basal portion of beds . Bedding geometries are lenticular and
tabular in outcrop scale exhibiting both planar nonerosional and erosional basal contacts.

Interpretation (Gen). Deposits of facies Gen are attributed to confined
subaqueous traction flow mechanisms of deposition in channels and on gravel bars. The
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presence of clast imbrication and erosional basal contacts suggest deposits of facies
Gen were created by traction under turbulent flow conditions (Miall, 1984, 1996; Boggs,
1995). Normal grading may be due to shoaling channel flow conditions over time.

Facies Gt (Trough Cross-Stratified Conglomerate).

Lithofacies Gt is

composed of poorly sorted , clast-supported, granular to pebble-sized conglomerate.
Trough cross-stratified gravel beds of facies Gt are generally thin (30-80 cm) exhibiting
lenticular geometry with erosive basal contacts (Fig. 12).

Interpretation

(Gt). The mechanism of deposition for facies Gt is interpreted as

confined subaqueous traction flow and the migration of coarse three-dimensional
subaqueous dunes (Mi all, 1984, 1996). Beds of facies Gt are not common and are
believed to be related to minor channel fill or gravel bar deposits.

Facies St (Trough Cross-Stratified Sandstone). Fine to coarse-grained,
moderate to poorly sorted, trough cross -stratified sandstones of facies St are very
common throughout Gras shopper basin (Fig. 12). Basal bedding contacts are strongly
erosive to moderately erosive in places and upper surfaces are typically sharp to irregular.
Lithofacies St is commonly associated with combinations of Sm, Sh, SI, and Sr.

Interpretation

(St). Lithofacies St is attributed to the confined flow migration of

three-dimensional subaqueous dunes (Miall, 1984, 1996). Erosional basal contacts
suggest turbulent flow conditions with flow velocities on the order of 60-80 emfs.
Lithofacies St is found both in channelized and non-channelized depositional
environments within Grasshopper basin. The presence of facies St in non-channelized
environments is attributed to confinement related to depth of water (Greenwood and
Mittler, 1985).
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Fades Sm (Massive Sandstone).

Lithofacies Sm, like facies St, is common in

the Tertiary deposits in Grasshopper basin. Deposits of facies Sm are typically fine to
medium-grained, moderate to poorly sorted, showing no internal stratification and range
in thickness from 10-30 cm (Fig. 12). Sm deposits are commonly found interbedded with
facies Fm, Fl, Fsm , and Fsl. Basal bounding surfaces are generally planar, non-erosive to
locally erosive where associated with facies St.
Interpretation

(Sm). Lithofacies Sm is credited to depositional mechanisms

involving rapid fallout from turbulent suspension related to sheetflood and turbidite
deposition (Hampton, 1972). Sand is deposited rapidly from suspension, thus bypassing
bedform development (Lowe, 1982; Smith, 1986). Gently erosional to planar
nonerosional contacts suggest both turbulent and laminar flow existed (Enos, 1977).
These deposits may also represent heavily bioturbated sandstones.
Fades Sh (Horizontal Stratified Sandstone).

Lithofacies Sh is very common

throughout Grasshopper basin. Sh beds are typically 20-50 cm thick and are
characterized by very fine to fine and medium-grained, moderately to well sorted
sandstones (Fig. 12). This facies is most commonly associated with facies St, Sm, and
often observed interbedded with facies Fl, Fm, and Fsl.
Interpretation

(Sh). The deposition of facies Sh is attributed to confined and

unconfined subaqueous traction flow mechanisms associated with channelized,
sheetflood, and turbidite deposition . Deposits of facies Sh are formed during both upper
and lower flow regime plane-bed conditions (Miall, 1984, 1996).
Fades Sr (Ripple Cross-Stratified

Sandstone).

Lithofacies Sr consists of very

fine to medium-grained, moderately to well sorted rippled sandstones (Fig. 12).
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Climbing, symmetrical, and asymmetrical ripples are all commonly observed in
Grasshopper basin deposits . Beds of facies Sr are generally thin with thicknesses ranging
from 10-45 cm.

Interpretation (Sr). Ripple cross-stratified sandstones (Sr) are produced by
unidirectional migration of sand waves and wave-driven oscillatory flow condition
(Miall, 1984, 1996; Prothero and Schwab, 1996). Climbing ripples are produced by high
rates of sediment aggradation (Miall, 1984, 1996; Prothero and Schwab, 1996).

Fades Sp (Planar Cross-Stratified Sandstone). This planar-stratified,
moderately to well sorted, very fine to medium-grained sandstones facies is uncommon
in the Tertiary deposits of Grasshopper basin. Beds of facies Sp are typically thin (45
cm-1 m) and exhibit planar, nonerosional to gently erosional basal contacts.

Interpretation (Sp). Lithofacies Sp results from the subaqueous migration of
two-dimensional dunes in both channelized and unconfined subaqueous environments.
Nonerosional to slightly erosion al basal contacts suggest primarily laminar flow
conditions with local turbulent flow.

Fades SI (Low-Angle Cross-Stratified Sandstone). Lithofacies Sl is fairly
common throughout deposits in Grasshopper basin and is composed of moderately to
well-sorted, fine to coarse grained low-angle cross-stratified sandstones. Forsets
typically dip less than 10°. Beds locally have convex-up upper surfaces and sharp to
irregular, nonerosive basal surfaces where facies Sl is interbedded with facies Fl, Fm, and
Fsl. Beds of facies Sl are typically 50 cm to 1.5 m thick and have erosional to locally
nonerosional basal surfaces.
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Interpretation (SI). Lithofacies SI is attributed to subaqueous migration of
two-dimensional dunes along low-angle surfaces (< 10°) in both channelized and
unconfined subaqueous environments. Erosional basal and local nonerosional contacts
suggest turbulent and laminar flow conditions, respectively, existed during deposition of
facies SI beds.

Fades Fm, Fl, Fmo and Fsm, Fsl (Massive or Lamintad and Organic-Rich
Mudstone and Massive or Laminated Siltstone). These fine-grained, massive and
laminated mudstones and siltstones are closely associated throughout deposits in
Grasshopper basin (Fig . 12). Lithofacies Fl and Fsl are typically very thin bedded (1-3
cm) to medium bedded (10-30 cm). Lithofacies Fm, Fl, Fsm, and Fsl typically contain
low to moderate amounts of visible organic material. Fmo is noticeably more abundant
in organic material than other fine-grained facies. Occasional fish scales are found in
facies Fl. Fish fossils have also been found locally in facies Fl (Cavender, 1977).

Interpretation (Fm, Fl, Fmo and Fsm, Fsl). Lithofacies Fm, Fl, Fmo and Fsm,
Fsl are interpreted as subaqueou s suspension settling and/or subaerial waning flood
fallout (Miall, 1984, 1996; Horton and Schmitt, 1996). Overbank waning flood deposits
are distinctive from fine-grained deposits resulting from quiet-water suspension settling
by the presence of desiccation cracks and associated thick interbedded fining-upward
channel sandstones and conglomerates indicative of stream-flow.

Fades Clm (Laminated and Massive, Micritic Carbonate). Lithofacies Clm
consists of interbedded laminated and massive limestones ranging in bed thickness from
thin 10 to 40 cm to thick 5-8 m beds (Fig. 12). Thin beds commonly occur with facies
Sm and St and less commonly with facies Gmm in the Tertiary conglomeratic mudstone
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(Tmc). Fossil gastropods are abundant in thicker beds of facies Clm. Possible
charaphyte stems have also been found in deposits of facies Clm (Good, written
communication, 2001).

Interpretation

(Clm). Lithofacies Clm is associated with precipitation of

calcium carbonate in a nearshore lacustrine environment. Domal, convex-up bedding
have been interpreted as stromatolitic bioherm limestones in lithotype-equivalent rocks to
the south in Medicine Lodge basin (Flores and M'Gonigle, 1991). Flores and M'Gonigle
(1991) also performed 8 13C isotope analyzes to identify the origin (freshwater or saline)
of limestones in Medicine Lodge basin. Results suggested a freshwater origin consistent
with the freshwater gastropod fossils found to the south and those found in facies Clm in
Grasshopper basin .

Fades Associations and Depositional Motifs
Detailed facies analysis of the stratigraphy defined in Grasshopper basin has
allowed the identification of six facies associations. These six associations suggest axial
fluvial, fluvio-deltaic, nearshore and offshore lacustrine, stream-dominated alluvial fan,
and fan delta depositional environments are found within the Medicine Lodge beds in
Grasshopper basin (Table 4).

Fluvial Fades Association (1). Units Tmcs and Tst are representative of the
fluvial facies association (Fig. 13a,b). Unit Tst is an intermediary unit having both
flu vial and fluvio-deltaic affinity . The flu vial facies association consists of 30 cm-3 m
thick beds Gt-Gcm-Gci, Gt-Gci, Gt-Gen, and Gem, 50 cm-4 m thick beds of facies Sl-St-
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TABLE 4. DESCRIPTION SUl\.1MARIES AND INTERPRETATIONS
OF F ACIES AS SOCIA TIO NS
Facics Associations

Summary Description

Jnterpret ation

a. Clast-supported , nomiall y graded, trough
cros s-stra tified , and ma ssive conglomerate.
Tabular and lenticular bedding. Gen , Gt,
Gem .

Chmmel fill, gravel bars and
chmmel-lag in a low- sinuo sity or
anastomosing fluvial system .

b. Low-angle, planar , trough crossstra ti lied, and ripple cros s-laminated
sandstone . Medium bedded.
Sh, SI, St, Sp, Sr, Sm.

Chatmel-till, and channel bars in a
low-sinuosity or anastomosing
fluvi al system .

c. Massive and orga11icrich mudstone .
Massive to thickly bedded siltstone.
Fm, Fmo, Fsm , Sm, Sh, Sr.

Overbank fines, sheetflood and
crevasse splay deposition

2) Fluvio-Deltaic
Facies Association
Units: Tsc 1, Tsc 2

a. Mudstone , siltstone , limestone,
sandstone . Thin to medium bedding.
Minor conglomerate. Lenticular bedding.
Fm , Fl, Fsm, Fsl, St, SI, Sm, Sh , Sr, GL,
Gen, Gem.

Distributary channel-fill and mouth bar deposits , delta front fines and
turbidite deposition.

3) Nearshore
Lacustrine Facies
Association
Units: Tsfc, Tsfu, Tims

a. Mudstone , siltstone, lime stone , and
sandstone . Ma ssive bedding , and rippl e
laminated . Fl, Fsl, Fm, Fsrn , Chn, Sm,
Sh, Sci, Sr, St

Nearshore lacustrine suspension
settling , subaqueous bar, and
turbidite deposition

a. Mudstone , siltstone , and minor
sandstone . Fm, Fl, Fsm, Fsl, Sm, Sh, Sr

Offshore lacu strine suspension
sett ling and turbidite deposition

a. lnterbedded matrix and clast-supported ,
massive , nonnal and inversely graded
pebble-boulder conglomerate and lenticular
bedded coarse granular sand stone .
Gmm , Gnu·, Sm, Sr,

Subaqueous debris l1ow deposition
on a medial to distal fan delta slope

b. Interbedded ma ssive to thinly bedded
mud stone and limestone . Fm , Clm

Marginal lacu strine suspension
set1li.ngan<l.carbonate depo sition

a. Clast-supported , massive to nonuall y
graded, pebble-boulder cong lomerate and
medirnn to coarse gn umlar , massively
bedded to trough cross-stratified sandstone.
Gen, Gt, Gem, Sh, Sm, St

Medial to distal fan chmmel-fill and
gravel bar deposition , and medial
fan sheet-flood deposition on a
stream dominated alluvial fan or
braided plain .

b. Internally intact quartzite. Severely
fractured near margins . (Belt Supergroup,
Challis Volcanic Grou p, Snowcrest Range
Group, Beaverliead Group)

Paleolandslides.

l) Fluvial Fncies
Association
Units: Imes , Tst

4) Offshore Lacustrinc
Facies Association
Utlits: Tsf
5) Fan Delta Facies
Association
Units: Tmc, Tcg2

6) Stream Dominated
Alluvial Fan Facies
Association
Units: Tc, Ts, Tcg 1,
Tmb
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Sh-Sr, 10-50 cm thick beds of Sm, Sh, and Sr, and 3.5-7 m thick sequences of
interbedded Fm, Fl, Fsl, Fsm, and Fmo.
Gt-Gcm-Gci, Gt-Gci, Gt-Gen, and Gem beds are lenticular to locally tabular
with lateral stratigraphic continuity of 5-25 m. These associations are interpreted as
primary and minor coarse channel fill, lag, and gravel bar deposits (Miall, 1984, 1996;
Boggs, 1992, 1995) (Plate 4a, sections 1 and 2). Sl-St-Sh-Sr beds are generally tabular in
outcrop and are interpreted as stream flow channel-fill deposits (Jackson, 1976; Miall,
1984, 1996) (Plate 4a, sections 1 and 2). The Sm, Sh, and Sr associations are typically
thin and tabular in outcrop with lateral continuity of beds ranging from 10-20 m. These
deposits are interpreted as sheetflood and/or crevasse splay sands that overtopped stream
banks. Sm, Sh, and Sr beds are commonly found interbedded with Fm, Fl, Fsl, Fsm, and
Fmo that locally exhibit desiccation cracks indicative of subaerial exposure (Plate 4a,
sections 1 and 2). Fine-grained deposits are interpreted as overbank deposits .
Plate 4a, sections 1, 2, and 3 show the fluvial facies association is represented by
interbedded fine-grained, mudstones, siltstones and minor sandstone packages exhibiting
mudcracks indicative of subaerial exposure and coarse-grained sandstone and
conglomerate package s. Coar se-grained channel-packages are characterized by finingupward sequences. Sections 1, 2, and 3 (Plate 4a) show fining upward coarse-grained
packages characterized by unidirectional flow indicators primarily trough crossstratification and clast imbrication. Epsilon cross-stratification is not observed in this
facies association suggesting the fluvial system may have been characterized by lowsinuosity channels (Stuart, 1966; Cant, 1982). These beds commonly exhibit erosional
basal contacts consistent with turbulent stream flow conditions. A vertical decrease in
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the amplitude and wavelength of primary sedimentary structures is also observed
within fining-upward coarse-grained packages. The fluvial facies association is
attributed to channel and overbank deposition in a low-sinuosity or anastomosing axial
fluvial system (Fig. 13a).

Fluvio-Deltaic Facies Association (2). Units Tse 1, Tsc 2 , and Tst represent the
fluvio-deltaic facies association (Fig. 13a,b). The lowest stratigraphic unit, Tsc 1, differs
from Tsc 2 in that it represents an earlier phase of western derived deltaic deposits and
possibly some component of axial fluvial and deltaic deposition. This facies association
is composed of 15 cm-1.5 m thick beds of Gt-Gen-Gem, 1-6 m thick beds of Sl-St-SmSh-Sr, 10-50 cm thick beds of Sm, Sh, and Sr, 3.5-7 m thick sequences of interbedded
Fm, Fl, Fsl, Fsm, and Fmo, and 8-12 m thick sequences of interbedded Fl, Fsl, Fsm.
Gt-Gen-Gem beds are lentic ular with local tabular Gen and Gem beds. These
gravel deposits are relatively small with lateral stratigraphic extents of 5-10 m for
lenticular beds and 2-8 m for tabular beds . The Gt-Gen -Gem facies associations are
interpreted as minor coarse lag, upper delta plain channel-fill. Coar se conglomeratic beds
also contain numerous rip-up clasts of mudstone . Tabular Gen and Gem deposits are
interpreted as reworked beach grave ls (Plate 4a,b, sections 4, 5 and 6) (Boggs, 1992).
Clasts are well rounded and disc-sha ped, showing vague imbrication locally with ab
planes dipping basinward (lakeward direction) . Deposits of SI-St-Sm-Sh-Sr are tabular in
outcrop and are interpreted as upper delta plain stream flow channel-fill deposits (Plate
4a ,b, sections 2, 4, 5, and 6). Fm, Fsm, Fmo, Sm and Sr deposits are interpreted as
overbank waning flood, organic-rich pond or marsh, sheetflood, and crevasse splay
deposits of the flu vial-dominated upper-delta plain (Leeder, 1999). These deposits
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locally exhibit desiccation cracks indicative of subaerial exposure. The fluvio-deltaic
facies association is distinctive because it contains beds of Fl, Fsl, Fsm that show no sign
of subaerial exposure and they exhibit small-scale slumps and contorted bedding
suggestive of soft sediment deformational processes on a subaqueous deltaic slope
(Coleman and Prior, 1982). Further more, these deposits contain interbedded, 30-80 cm
thick, massive to low-angle cross-stratified sandstones interpreted as storm deposits.
These storm deposit sandstones commonly contain characteristic deposits of broken fossil
debris in 2-10 cm layers. Fl, Fsl, and Fsm beds are interpreted as the result of deposition
of silty mudstones and silty sandstone turbidites on a delta front slope (Plate 4a,b,
sections 4, 5, and 6).
The fluvio-deltaic facies association is observed in the field having both finingupward sequences intrinsic to fluvial channel facies in unit Tst (Plate 4a, sections 2), and
overall coarsening-upward, thickening-upward lacustrine parasequences in units Tsc 1 and
Tsc 2 (Plate 4a,b, sections 4, 5, and 6). Three coarsening upward sequences are observed
in section 4, at least one is observed in section 5, and one in section 6. Insufficient
outcrop exposure in Grasshopper basin and the abrupt vertical grain size changes from
silty sandstones to coarse sandstones and conglomerates, as recorded in the observed
parasequences, prompt two different interpretations to understand their tectonosedimentary significance (Plate 4a,b, sections 4, 5, and 6). The first interpretation
suggests that cycles of pro gradation followed by gradual lake transgression were required
to produce the sequences. The second interpretation involves simple progradation
interrupted by an abrupt base level drop and deposition of a lowstand channel deposit
followed by gradual lake transgression (Posamentier and Allen, 1999). The second
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interpretation is preferred due to the abrupt vertical change from silty sandstones to
coarse sandstones and conglomerates.
Coarse-grained sandstone and conglomerate packages in sections 2, 4, 5, and 6
(Plate 4a,b) show unidirectional flow indicators primarily trough cross-stratification and
less commonly clast imbrication. These same packages exhibit erosional basal contacts
consistent with turbulent stream flow conditions similar to relationships observed in the
fluvial facies association. The fluvio-deltaic facies association represents deposition and
progradation of a distal flu vial system debouching sediment into a Jake, resulting in the
formation of small river-domin ated deltas (Fig. 13a).

Nearshore Lacustrine Facies Association (3). The nearshore facies association
is documented in units Tsfc, Tsfu, and Tims (Fig. 13a,b,c). This facies association is
composed of thick sequences of associatio ns Fl-Fsl-Fm-Fsm-Clm with interbedded
associations Sm-SI, SI-Sr, SI-St, and Sm-Sr. The Fl-Fsl-Fm-Fsm-Clm association of
facies is characterized by primarily laminated and massive mudstones and siltstones with
occasional interbedded limestones (Fig. 11b ). These fine-grained deposits represent
suspension settling and precipit ation of calcium carbonate in a low-energy, nearshore
lacustrine environment. The Sm-SI, SI-Sr, SI-St, and Sm-Sr facies associations are
interpreted as nearshore lacu strine barform deposits (Fouch and Dean, 1982). Beds are
generally 1-2 min thickness and have nonerosional to locally erosional basal contacts
(Plate 4b , sections 7 and 8). Both symmetrical and asymmetrical ripples characteristic of
wave-driven oscillation are observed in these deposits and are consistent with a low to
moderate energy nearshore environment (Clifton et al., 1971; Greenwood and Mittler,
1985). The presence of facies St on bar tops exhibiting primarily facies Sm, Sl, and Sr is
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interpreted to be the result of flow confinement due to water depth on bar tops
(Greenwood and Mittler, 1985).
Offshore Facies Association (4). Unit Tsf is the only representative unit of the
offshore facies association in Grasshopper basin (Fig. 13a,b,c). This facies association is
composed of a relatively thick section of Fl, Fl-Fm, Fsl beds and locally interbedded
associations of 20-80 cm thick beds of Sm and Sm-Sh-Sr (Fig. l lc,d,e I Plate 4b, section
7). These deposits possess subplanar to planar nonerosional basal contacts. The offshore
facies association is the result of lacustrine suspension settling (Fl, Fl-Fm, Fsl) and
turbidite (Sm and Sm-Sh-Sr) deposition in a low-energy offshore lacustrine environment.
The presence of partial Bouma sequences implies that turbidites were deposited rapidly
from turbid flows and lacked sufficient time for bedform development (Horton and
Schmitt, 1996). The lake, represented by the nearshore and offshore facies associations,
was a perennial lake as no evidence of seasonal drying (i.e., desiccation cracks or
extensive evaporite mineral s) has been found in deposits of either association (Dorsey
and Roberts, 1996).
Fan-Delta Facies Association (5). Units Tmc and Tcg 2 represent the fan-delta
facies association (Fig. 13a,c). This facies association consists of interbedded 1-3 m thick
beds of facies Gmm and Gmr, 50 cm-1 m thick beds of facies Sm-Sh, and thick
sequences of facies Fm and Fsm. The fan-delta facies association is typically dominated
by the fine-grained mudstone facies (Fm) (Fig. 1lf I Plate 4b, section 9). Outcrop
exposure of this facies association is generally restricted to east-west trending gullies
obscuring any observation regarding the lateral continuity of bedding units. Quiet-water,
lacustrine suspe nsion settling of fine-grained facies Fm and Fsm dominated this facies
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association and was punctuated by intermittent debris flow (Gmm and Gmr) and
turbidite deposition (Sm-Sh) (Hampton, 1972; Boggs, 1995; Horton and Schmitt, 1996).
Similar to the offshore facies association, the lack of full Bouma sequences in the fan
delta facies associations indicates that turbidites were deposited rapidly from turbid flows
bypassing bedform development (Horton and Schmitt, 1996).
This facies association is distinct in that it possesses matrix-supported debris flow
conglomerates exhibiting water escape features, convolute bedding, and basal load
structures indicative of subaqueous mass-flow deposition (Postma, 1983, 1984; Allen,
1992). Well-preserved and amorphous plant fossils are common to this facies association
and local gastropod fossils are also found.

The fan-delta facies association is the product

of suspension sedimentation, turbidite, and debris flow deposition on the moderate-relief
subaqueous distal slopes of small fan-deltas located in close proximity to ample supply of
coarse-grained material being deli vered to the basin from high gradient upper fan slopes
(Hoy and Ridgeway, 1999; McMu rray and Gawthorpe, 2000). These observations are
consistent with units Tmc and Tcg2 being derived from, and restricted to within 2.5 km of
the relatively high-relief footwall of the Muddy-Grasshopper fault.

Stream-Dominated Alluvial Fan Facies Association (6). The stream-dominated
alluvial fan facies association is recorded in units Tc, Ts, Tcg 1, and Tmb (Fig. 13a,c).
This facies association consists of 1-3 m thick beds of massive and normally graded Gt,
Gem, Gem-Gen, Gt-Gci, Gcm -Gci and 30 cm-1 m thick beds of St and Sm-Sh (Plate 4b,
section 10). Conglomerates are lenticular with generally no more than 20 m of lateral
extent. Massive tabular beds are locally present. Deposits of Gt, Gem, Gem-Gen, GtGci, and Gcm-Gci are interpreted as coarse channel -fill and gravel bar deposits, and
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unconfined gravel-rich hyperconcentrated flow deposits (Miall, 1984, 1996; Smith,
1986; Dorsey and Roberts, 1996). lnterstratified sandstone beds St and Sm-Sh represent
coarse-sand channel-fill and sheetflood deposits, respectively. Channelized geometries
and fluvial traction deposits are suggestive of a distal fan location (Dorsey and Roberts,
1996). However, the presence of both conglomeratic and sandy unconfined
hyperconcentrated flow deposits implies a more proximal to medial fan setting. The
stream-dominated alluvial fan facies association is interpreted as the product of
deposition on a medial to distal alluvial fan or braid plain shed off the broad hanging-wall
ramp of the Muddy-Grasshopper fault (Fig. 13a).

Fades Association Trends
Detailed mapping reveals that units Tmcs and Tst, representing the fluvial and
fluvio-deltaic facies associations, show a southward decrease in grain size from more
proximal fluvial conglomerates to more distal fluvial and fluvio-deltaic sandstones. Near
Mill Point unit Tmcs contains conglomeratic channel-fill facies transitioning to the south
along Grasshopper Creek into unit Tst which is characterized by dominantly sandstone
channel-fill facies (Plate 1). These observations fit with the interpretation of axial fluvial
units Tmcs and Tst transitioning southward into the more fluvio-deltaic facies of units
Tsc 1 and Tsc2.
Unit Tmc and Tcg 2 record a narrow distal slope of a fan delta system paralleling
the trace of the Muddy-Grasshopper fault. Grain -size analysis of debris flow
conglomerates contained within the fan delta facies association show a decrease in grain
size from east to west, or away from the basin margin (Fig. 14). This observation agrees
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with the interpretation that units Tmc and Tcg 2 are the distal slopes of fan deltas
sourced from the footwall of the Muddy-Grasshopper fault along the eastern side of
Grasshopper basin. Figure 14 also shows a decrease in grain size in the streamdominated alluvial fan facies association from west to east as recorded in units Tc and Ts.
Cobble and boulder sized conglomerates exposed in the western limb of the north striking
Bachelor Mountain anticline grade eastward into granular to cobble conglomerates
exposed in the east limb of the anticline. Furthermore, conglomerates of unit Tc
interfinger and grade eastward into conglomeratic sandstones of unit Ts eastward. This
decrease in grain size observed in the stream-dominated alluvial fan facies association fits
well with the interpretation that this association of facies represents a medial to distal
location on an alluvial fan or braided plain shedding off the broad hanging-wall ramp of
the Muddy-Grasshopper fault.

Paleocurrent Analysis
Paleocurrent data were collected within the Medicine Lodge beds (sequence 2)
throughout Grasshopper basin from trough cross-stratified sandstones and conglomerates,
imbrication in clast-supported conglomerates, and ripple marks. Sampling intensity was
based on exposure, resulting in 5-19 measurements in any given unit. In total, 185
measurements were used in this analysis. Measurements consisted of singular clast
orientations, trough axis trend and plunges, and asymmetrical ripple crest orientations.
All raw measurements were corrected for tectonic tilt at the site of sample measurement
(Appendix A).
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Figure 15 shows that at least four paleocurrent domains exist within the
Grasshopper basin stratigraphy . The first domain located in the northern axial portion of
the basin shows primarily south-southeast directed paleocurrents with a mean current
direction of 195° (Fig . 15). This domain of data was measured in units Tmcs, Tst, and
Tsc 2 or the fluvial and fluvio-deltaic facies associations. The mean paleocurrent direction
of 195° gathered from these data is consistent with the north to south axial fluvial and
fluvio-deltaic depositional systems interpretation of units Tmcs, Tst, and Tsc 2 in this
north-south trending extensional basin.
Domain 2, located along the eastern margin of Grasshopper basin exhibits
west-directed paleocurrents with a mean paleocurrent direction of 287° (Fig. 15).
Measurements in domain 2 were made in unit Tmc representing the fan delta facies
association. The dominantly west directed current directions recorded in this facies
association fit well with a system of fan deltas shed from the moderate to high relief
footwall margin of Grasshopper basin interpretation for unit Tmc.
The third domain of paleocurrent data is located along the western margin of the
basin (Fig . 15). Paleocurrent measurements were made in units Tsc 1, Tc, and Tsc 2
representing the fluvio-deltaic and stream-dominated alluvial-fan facies associations.
Mean current directions were 105° for unit Tsc 1, 120° for unit Tc, and 135° for unit Tsc 2•
A northeast-southeast spread exists in the data collected from all three units. These data
are consistent with an east-southeast flowing fluvio-deltaic system interpretation for units
Tsc 1 and Tsc 2 , and an east-southeast flowing stream-dominated alluvial fan or braided
plain interpretation for units Tc and Ts. These environments would be expected to have a
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northeast-southeast spread of paleocurrent indicators if they were flowing from west to
east off a broad hanging-wall ramp of the Muddy-Grasshopper fault as interpreted.
The fourth domain of data is located along the southern margin of the basin (Fig.
15). These data were measured on ripple marks from turbidite Bouma C horizons in unit
Tsf and show distinct northeast paleoflow of turbidites. Detached slide blocks translated
down paleoslope consist of deformed unit Tsf and are closely associated with these
turbidites (Fig. 16). Slump folds have also been found with northeast vergent fold axes
consistent with a down to the north-northeast paleoslope. These turbidite and soft
sediment deformation features may be related to structural highs and lows resulting from
growing transverse extensional folds. Morley (1999) observed analogous sedimentary
features in several East African extensional basins that are structurally similar to
Grasshopper basin.

Sedimentary Petrology
The composition of conglomerates of the Medicine Lodge beds have been
analyzed in the Horse Prairie and Medicine Lodge basins to the south (M'Gonigle et al.,
1991; VanDenburg, 1997). No previous petrographic study of sandstones has been
carried out within either of the Grasshopper, Horse Prairie, or Medicine Lodge basins
with exception to Thomas (1995) who addressed the relative abundance of framework
grains in feldspathic sandstones collected from the Medicine Lodge and Grasshopper
basin. The goals of this petrologic study were to identify the provenance of units within
the Medicine Lodge beds to further constrain the distribution of depositional
environments and resultant paleogeography in Grasshopper basin.
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Figure 16. Picture of the Tertiary fine sedimentary rocks (Tsf) unit
within the Medicine Lodge beds . Photo shows sandy turbidites
(Bouma A,B,C) and associated block of deformed Tsftranslated down
paleoslope (to left) .

101

Conglomerate Petrology
Compositions of conglomerates were determined by counting 100 pebble to
boulder sized clasts using a linear point intercept method (LPI) (Appendix B). Clasts
were counted in equivalent intervals along the line. As a result of the distinct
compositional differences in pre-Cenozoic lithologies surrounding Grasshopper basin,
clast types counted were defined based on potential source areas immediately adjacent to
the basin (Fig . 3).
Seven types of clasts were tabulated (Appendix B) for study in Grasshopper basin
and from those categories four broad groups of clasts were defined to simplify the
interpretation of modal differences observed among conglomerates throughout the basin
(Fig. 17). The three clast categories included in the fourth group of clasts did not
constitute a significant percentage of clasts at any sample location and therefore were not
used as a distinguishing parameter in conglomerate clast counts. As a result, the pie
graphs in Figure 17 represent recalculated values for clasts groups 1-3.

Group (1). Volcanics - Brown, red, gray , white and black Mesozoic dacites,
andesites, and pyroclastic flow derived clasts and brown, red, tan, green, and black
Tertiary andesite and andesitic-basalts. Most clasts are derived from exposures in the
footwall of the Muddy-Grasshopper fault, although some samples contained clasts
derived from Tertiary Challis volcanics exposed to the west of Grasshopper basin (Fig.
17, samples 16 and 21) .

Group (2). Proterozoic white quartzite - This clast type is characterized by
white, medium to coarse-grained quartzite. Preexisting Proterozoic Cross-stratification is
commonly preserved in boulder-sized clasts. This clast type is derived from the
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Wallace Formation of the Belt Supergroup, which occupies the southwestern margin
of Grasshopper basin (Plate 1).
Proterozoic red quartzite - The Proterozoic red quartzite is the most common clast
lithology found in the basin. It is characterized by red, pink, and red-orange, fine to
medium grained quartzite. White feldspathic flakes are commonly observed in clasts.
Clasts of this lithology are derived from the Bonner Quartzites of the Belt Supergroup,
which is exposed along the western margin of Grasshopper basin (Plate 1).

Group (3). Limestone - Gray, gray to blue Mississippian limestone derived from
the Madison group located in the footwall of the Muddy-Grasshopper fault immediately
east of the basin. Clasts are locally dolomitic. Limestone clasts could also be derived
from the Cretaceous Beaverhead conglomerate, which contains limestone clast intervals
east of Grasshopper basin (Johnson and Sears, 1988; Ruppel et al., 1993; Schmitt et al.,

1995).

Group (4). Black chert or well-indurated dark clast - Pebble-sized (4-6 mm)
clasts were found in several sample locations but were generally only a small percentage
of the 100 clasts counted with exception to sample 21 (Appendix B).
Recycled Tertiary - Recycled Tertiary clasts consist of well-preserved mudstones
or siltstones. These clasts are rare but were found in several samples in small amounts
and are presumed to be recycled from previously deposited fines within the Medicine
Lodge beds .
There is fifth category (other), which represents primarily unidentifiable clasts
counted during sampling. Common clasts types were gray orthoquartzites most likely
derived from the Pennsylvanian Quadrant Formation and plutonic lithics derived from the
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north-northwest and a minor source of Cretaceous granitoid material in the immediate
footwall of the Muddy-Grasshopper fault. Archean gneissic clasts presumably derived
from the Maiden Peak Spur were also found in units Tsc 2 and Tsfc near the Pierce Ranch
in the southeast corner of the Bachelor Mountain Quadrangle .

Conglomerate Compositional Trends
Figure 17 shows that three general conglomerate suites exist in Grasshopper
basin. The first suite consists of deposits associated with the early fluvio -deltaic and
stream-dominated alluvial fan facies associations in the western portion of Grasshopper
basin (units Tsc 1, Tc, Ts, and Tmb) (Fig. 17). These conglomerates are almost entirely
composed of clasts derived from the red and white quartzites of group (4). The
megabreccia and slide blocks of unit Tmb are also composed of 100% Wallace
Formation(?) and Bonner derived red and white quartzite (Coppinger, 1974). Sample 21
from unit Tsc 1 does contain 27 % volcanic clasts which were presumably derived from the
Challis volcanics in exposures to the west of Horse Prairie basin reported by VanDenburg
(1997) (Fig . 17). Compo sitional trends observed within these facies associations are
consistent with the east-southea st directed paleocurrents recorded in unitTsc 1 and the
east-southeast directed paleocurrent measurements collected in units Tc. The results
from both the petrologic and paleocurrent analysis agree with a northwestern source area
characterized by southeastward transport of sediment in the fluvio-deltaic and streamdominated alluvial fan facies associations.
The second suite of conglomerate is found in the northern reaches of the axial
flu vial facies association on the eastern side of Mill Point in unit Tmcs (Fig. 17). These
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conglomerates are dominated by volcanic clasts and lesser percentage of Proterozoic
quartzite clasts. The anomalous high percent of clasts in the "other" category consist
primarily of unidentifiable clasts and orthoquartzite clasts presumably derived from the
Quadrant Formation (Appendix B). A small percentage of mudstone and siltstone rip-up
clasts or recycled Tertiary clasts were found (Appendix B).

These clasts are attributed

to erosional stream bank processes intrinsic to the fluvial system or uplift and erosion of
previously deposited Tertiary units. South-directed paleocurrent measurements recorded
in unit Tmcs fit with a northern source area for clasts of that unit (Fig. 15). These
observations are consistent with an interpretation of unit Tmcs as the northern extent of
an axial fluvial system.
The third conglomerate suite found in the basin consists of mixed limestone and
and volcanic clast conglomerates . Small trace amounts of orthquartzite-clasts derived
from the Quadrant Formation along with recycled limestone clasts presumably from the
Cretaceous Beaverhead Group were observed, although these were indiscernible from
other lime stone clasts.

These deposits are found along the eastern portion of the basin

and are roughly coincident with the fan delta facies association (units Tmc and Tcg2),
fluvial facies association (unit Tst), and the nearshore facies association (unit Tsfu) (Fig .
17). These conglomerates are distinct from the western and northern derived
conglomerate suites because they have a large percentage of limestone clasts derived
from Paleozoic rocks or possibly from recycled Beaverhead Group conglomerates in the
footwall of the Muddy-Grasshopper fault.
These deposits also show an unroofing of footwall relationships to the east of the
Muddy-Grasshopper fault. The Ermont thrust in the footwall of the Muddy-Grasshopper
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fault, thrusts Paleozoic carbonates of the Mississippian Madison Group over
Mesozoic volcanics (Fig. 3). Samples 10, 12, 13, and 22 in Figure 17 all show a
significant percentage of carbonate clasts (~ 41 % ). Higher up section, samples 7, 11, 18,
and 23 exhibit increases in the percentage of volcanic clasts and a decrease in the amount
of carbonate clasts down from> 41 % to< 36% (Fig. 17). This may represent the
erosional exhumation of the Mesozoic volcanic rocks in during uplift of the highlands
east of Grasshopper basin.
The > 40% of Proterozoic quartzite clasts in samples 11 and 13 (units Tmc and
Tsfu) most likely the reflect derivation of recycled Proterozoic clasts from the Cretaceous
Beaverhead Group conglomerates (Lowell, 1965; Johnson and Sears, 1988; Schmitt et
al., 1995). South-southwest paleocurrents measured at location of these Proterozoic
quartzite-bearing samples of Suite 3 may suggest that axial transport of Proterozoic
quartzite derived from the north reached distal portions of the axial fluvial facies
association late in the basin history. The apparent unroofing of footwall relationships are
consistent with west-directed paleocurrent measurements recorded in these
conglomerates. The observation s fit well with the interpretation of units Tmc and Tcg 2 as
small fan deltas debouching into a shallow nearshore lake (unit Tsfu, samples 13 and 22)
from highlands to the east.

Sandstone Petrology
Fourteen sandstone samples collected throughout Grasshopper basin with
locations recorded in Appendix C were cut into thin sections and then each section was
half stained for potassium-feldspar and plagioclase. In total, 500 grains were counted on
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each slide on a flat stage petrographic microscope with an automatic point counter.
The Gazzi-Dickinson method was used to count each sample (Dickinson, 1970; Ingersoll
et al., 1984). Count parameters are outlined in Table 5, and raw data and recalculated
QFL % Q, F, and L and QmFLt % Qm, F, and Lt are recorded in Appendix C.
Figure 18 shows the result of the petrographic analysis on each of the fourteen
samples plotted on standard QFL and QmFL ternary plots. Using the provenance fields
of Dickinson et al. (1983), four suites of sandstone are identified in Grasshopper basin
(Fig. 18). Sandstones in Grasshopper basin show a mix of "basement uplift,"
"transitional continental," "recycled orogen," and "undissected arc" tectonic provenance
signatures (Dickinson et al., 1983). This mix of tectonic provenance signatures is
expected since Grasshopper basin is an Eocene-Oligocene extensional basin
superimposed on the older Cretaceous-Early Tertiary Sevier fold-and-thrust belt and near
the edge of Cretaceous and Tertiary Arcs.
The "basement uplift" suite of sandstones represented by samples (JJ-12, JJ-14,
JJ-13-2, JJ-16, JJ-34 , JJ-35, JJ-57, JJ-85, and JJ-88) and the "transitional continental"
suite of sandstones (JJ-20 and JJ-62) were all collected in units Tst, Tsfc, and Tsc2 of the
axial fluvial , fluvio -deltaic, and nearshore facies associations (Appendix C) . Table 1
shows all possible sources for arkosic sandstones in Grasshopper basin. Nine of the
fourteen samples that were analyzed plotted in the "basement uplift" field (Dickinson et
al., 1983). This would suggest that plutons associated with the Idaho batholith were
uplifted in the footwalls of normal faults in the Eocene to Oligocene rift zone of Janecke
(1994) and were significant source areas for feldspathic sandstones deposited in
Grasshopper basin (Fig . 3) (Table 1). Each of these sources is located north-northwest of
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TABLE 5. POINT COUNT
PARAMETERS
Monocrystalline quartz
Polycrystalline quartz
Potassium feldspar
Plagioclase feldspar
Lithic volcanic
Lithic metamorphic
Lithic sedimentary
Detrital mica
Pore space
Cement
Miscellaneous

Q
F

L
Framework

Qm+Qp
Fk + Fp
Lv +Lm + Ls
Q + F + L + M + H + Mis

QFL%Q = [QI (Q+F+L)] 100
QFL 0!t)F = [FI (Q+F+L)] 100
QFL%L = [L I (Q+F+L)] 100
LvLmLso/oLv = (Lv/L) 100
LvLmLso/oLm = (Lm/L) 100
LvLmLso/oLs = (Ls/L) 100

Q
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Figure 18. QFL and QmFL ternary diagrams. Diagrams show the results of point
counting sandstones from the Tertiary Medicine Lodge Beds using the Gazzi-Dickinson
method . Provenance fields are from Dickinson et al. (1983) .
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Grasshopper basin with exception to exposures of Archean basement in the Maiden
Peak Spur located immediately south and in the core of the Armstead anticline located
east of Grasshopper basin. Sandstones plotting in the "basement uplift" and "transitional
continental" fields are interpreted as being derived from the north-northwest.

This

interpretation is consistent with the south-southwest paleocurrents recorded in the axial
fluvial and fluvio-deltaic facies associations in the north half of the basin near Reservoir
Creek (Fig. 15, domains 1 and 3).
The "recycled orogen" suite of sandstones seen in samples (JJ-1 and JJ-47-1) and
the "undissected arc" sandstone sample (JJ-6) were collected in units Tmc, Tmcs, and
Tsfc from the southern Grant Quadrangle. Each of these samples was enriched in lithic
volcanic and trace carbonate grains suggesting sources to the north and east of
Grasshopper basin from older Paleozoic and Mesozoic rocks associated with the remnant
Sevier fold-and-thrust belt. This is supported by the west and south-directed paleocurrent
measurements taken in units Tmc and Tmcs, respectively (Fig. 15).
Reconnaissance mappin g prior to this study suggested that Grasshopper basin
contained distinct two-mica (muscovite and biotite) arkoses . During field studies it was
noted that a variety of arkosic sands tones could be found ranging from two-mica bearing
to mica free. Field observations suggested that the presence or absence of detrital mica
grains in sandstones is closely related to the primary sedimentary features (grain size and
sedimentary structures) and depositional setting in which the sandstones were deposited.
Figure 19 and Appendix C show the results of plotting the recalulated MmMbP% Mm
(muscovite), Mb (biotite), and P (pore space) on a ternary diagram. Sedimentary analysis
of each samp le reveals that samples (JJ-1, JJ-6 , JJ-20, JJ-47-1, and JJ-62) collected in
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Overbank sandstone
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Ripple laminatedlower flow
Regime channel-fill sandstone
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Upper flow regime
Channel-fillsandstone
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Figure 19. Ternary diagram plotting detrital muscovite (Mm) , biotite (Mb), and pore
space (P) . Diagram shows the affect of hydraulic variance in controlling mica content in
feldspathic sandstones . Note that micas are lacking from deposits characterized by
upper flow regime conditions and are most abundant in samples collected from
sandstones characterized by lower flow regime conditions.
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units Tmcs, Tmc, Tsc 2 , and Tsfc were characteristically coarse-grained and exhibited
upper flow regime sedimentary structures. Samples (JJ-12, JJ-14, JJ-16, JJ-34, JJ-57, and
JJ-85) collected in units Tst, Tsc 2 , and Tsfc are characteristically medium to coarsegrained and exhibited lower flow regime sedimentary structures and samples JJ-13-2, JJ35, and JJ-88 are fine to medium-grained and showed only lower flow regime
sedimentary structures. Samples JJ-13-2, JJ-35, and JJ-88 were collected from crevasse
splay sandstone beds that were interbedded with overbank mudstones.
Figure 20 shows three photomicrographs taken of an example from each
population on the Ternary diagram (JJ-6, JJ-16, and JJ-35). Sample JJ-6 was collected
from a coarse-grained channel sandstone in unit Tmcs. This sample contained several
plutonic lithics and no detrital mica (Appendix C). Sample JJ-16 was collected in unit
Tst near the top of a medium-grained channel sandstone bed possessing lower flow
regime sedimentary structures. Sample JJ-35 was also collected in unit Tst from a thin,
ripple marked, mica-choked sandstone bed interbedded in thick overbank mudstones.
Both petrographic and field observations suggest that the presence or lack of detrital mica
in arkoses found in Grasshopper basin is controlled by a hydraulic variance in the
environment where the sandstones were deposited. Therefore micas are more common in
finer grained sandstones preferentially settling out in lower flow regime conditions and in
general bypassed deposition in coarser-grained sediments characterized by upper flow
regime conditions. Lower flow regime samples, rich in micas, showed no systematic
distribution of samples containing both muscovite and biotite. Two-mica sandstones
appear to be randomly distributed throughout much of the basin-fill.

Channel-fillSandstone
( - ~~

Figure 20. Photomicrographs of sandstones from Grasshopper basin . Photos illustrate the
textural and compositional differences between upper flow regime and lower flow regime
sandstones .
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Stratigraphic Architecture
Two stratigraphic cross sections, a north-south and an east-west line, were
constructed by combining strata! geometries determined from mapping and relationships
observed in measured sections (Fig. 13b,c). The cross sections reveal a lake and adjacent
fluvial and alluvial fan and fan deltas occupied Grasshopper basin throughout much of
the basin's history. The north-south cross section shows fluvial and fluvio-deltaic facies
transitioned southward into lacustrine facies. The section shows the subtle thinning and
thickening of the Tertiary sandy-conglomeratic mudstone (Tmcs), Tertiary transitional
sediment rocks (Tst), Tertiary coarse sedimentary rocks (Tsc 2 ), Tertiary coarse-fine
sedimentary rocks (Tsfc), and Tertiary fine sedimentary rocks (Tsf) relative to the
Grasshopper Valley and Bannack Bench transverse antiformal and synformal structures
(Fig. 13b I Plate 1) (Appendix D). The east-west cross section illustrates how the
eastern-derived fan-delta deposits were restricted to a small apron of fans along the trace
of the Muddy-Grasshopper fault throughout the basin's history (Fig. 13c). Fluvio-deltaic ,
hanging-wall derived alluvial fan, and nearshore lacustrine facies are shown to have
dominated the western margin of the basin (Fig . 13c).
Geologic mapping and analysis of seismic reflection profile ML-83-02 (Appendix
D), has revealed evidence for subtle thinning and thkkening patterns and lateral shifts in
the distribution of facies or migration of depocenters associated with the location of
extensional folds similar to relationships observed in other extensional basins. Two sets
of orthogonal (transverse and longitudinal to the basin bounding fault) extensional folds
have been mapped and characterized in Grasshopper basin (K.ickham, 2002) (Plate 1).
The longitudinal Bachelor Mountain anticline may not have been fully developed until
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late in the basin history after phase 3 of deformation (Kickham, 2002). Therefore this
fold possibly did not partition deposition of the Medicine Lodge beds into two different
basins such has been found in the Salmon Basin (Blankenau, 1999). The east limb of the
anticline for certain, however, formed during phase 1 of deformation in response to slip
on the Muddy-Grasshopper fault. Local angular relationships observed between the
Tertiary lower conglomerate (Tc), Tertiary coarse sedimentary rocks (Tsc 2 ), Tertiary
coarse-fine sedimentary rocks (Tsfc), and Tertiary fine sedimentary rocks (Tsf) are likely
related to growth on the eastern limb of the anticline during deposition of sequence 2.
Figure 21 illustrates the structural influence that transverse extensional folds might have
imparted on sedimentation patterns in this extensional basin . It is interpreted that
increases or decreases in subsidence or effective accommodation space produced relative
to the extensional folds are responsible for the observed facies patterns in Grasshopper
basin (Schlische, 1991, 1995; Schlische and Anders, 1996).
Exclusion of accommodation space due to low relative subsidence on the crests of
transverse anticlines resulted in slight thinning of units (Fig. 21). Thinning patterns are
the result of dip disparities between strata above and below angular unconforrnities on the
limbs of anticlines (Fig. 21) (Appendix D, ML-83-02). Figure 21 shows a stereonet plot
for both the Grasshopper Valley anticline and the Bannack Bench Syncline. Both of
these folds are broad , with interlimb angles of 167° and 162°, respectively. As a result of
this broad geometry, unconformitie s formed on the fold limbs would be very low-angle
and hard to detect in the field especially where exposure is not laterally continuous. The
unconforrnities would most likely be progressive in nature (Benedicto et al., 1999).
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Figure 21. Illustration showing the role differential subsidence relative to
growing transverse anticline s and synclines plays in controlling the subtle thinning
and thickening of units observed both in seismic profile (Appendix D , ML-83-02)
and in field relationships .
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Only subtle east and/or west-directed deflections of southward paleocurrents
are observed in deposits on the limbs of the Grasshopper valley anticline (Fig. 15).
Therefore it is proposed that the rate of fold growth or uplift would have been closely
equivalent to the rate of sedimentation in order to effectively leave the
paleogeomorphology of stream paths in of Grasshopper basin relatively undisturbed
(Burbank et al., 1996). However, periodic fold growth did denude previously deposited
sediments from the crests of anticlines producing the proposed unconformities and
resultant thinning of units.

Summary
Sedimentary analysis of the Tertiary basin-fill within Grasshopper basin has
revealed that it was characterized by an axially infilling lacustrine system with minor
transverse sediment input. Six facies associations or depositional motifs were identified:
1) Tertiary sandy-conglomeratic mudstone (Tmcs), Tertiary transitional sediment rocks
(Tst) representing the axial fluvial environment characterized by anastomosing channels,
2) Lower and upper Tertiary coars e sedimentary rocks (Tse, and Tsc 2 ) representing the
fluvio-deltaic environment, 3) a nearshore lacustrine environment recorded in the
Tertiary coarse-fine sedimentary rocks (Tsfc) and Tertiary upper fine sedimentary rocks
(Tsfu) , 4) an offshore lacustrine environment recorded by the Tertiary fine sedimentary
rocks (Tsf), 5) the Tertiary conglomeratic mudstone (Tmc) and upper gravel
conglomerate (Tcg 2) representing fan deltas shedding from the Muddy-Grasshopper fault
to the east, and 6) the Tertiary lower conglomerate (Tc), conglomeratic sandstone (Ts),
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and megabreccias (Tmb) representing a stream-dominated alluvial fan system and
related paleolandslide deposits derived from the western margin of Grasshopper basin.
Paleocurrent, grain size, and conglomerate and sandstone petrologic studies reveal
clearly defined northern and eastern margins for this superimposed extensional basin.
The western margin is less clear since paleocurrents suggest that the lower and upper
Tertiary coarse sedimentary rocks (Tsc 1 and Tsc 2) received sediment from streams
flowing across at least a portion of the Big Hole Divide accommodation zone (Fig. 2).
South-directed paleocurrents and decreasing grain size in the Tertiary sandyconglomeratic mudstone (Tmcs) and Tertiary transitional sediment rocks (Tst) show that
sediment entered the north part of Grasshopper basin in proximal flu vial systems and was
transported southward. Field data show that the Tertiary conglomeratic mudstone (Tmc)
represents a basin margin fan delta facies depositing sediment derived from drainage
basins in the immediate footwall of the Muddy-Grasshopper fault. The Tertiary lower
conglomerate (Tc), conglomeratic sandstone (Ts), and megabreccias (Tmb) units record
deposition on stream-dominated alluvial fan and paleolandslide deposits associated with
the hanging-wall margin of Muddy -Grasshopper fault.
Broad transverse extensional folding is interpreted to have produced low-angle
unconformities within the Tertiary basin-fill resulting in the apparent subtle thinning of
units onto the crest of the Grasshopper Valley anticline. Subtle paleocurrent deflections
around these folds and the absence of distinct subbasins on either side of them suggest
that rates of sedimentation were high enough to equal or out pace the rate of transverse
fold growth. Mapping reveals that the paleoshoreline of the lake appears to have been
stable during the time the Tertiary coarse -fine sedimentary rocks (Tsfc) and Tertiary fine
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sedimentary rock s (Tsf) were deposited.

This stable shoreline coincided in location

with the Grasshopper Valley anticline just north of Reservoir Creek (Fig. 13a).
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BASIN EVOLUTION

The Medicine Lodge beds in Grasshopper basin contain approximately 3500 m of
Eocene to Oligocene axial flu vial, fluvio-deltaic, fan delta, alluvial, or braided plain and
lacustrine deposits. Detailed sedimentary analyses have provided data that reveal the
lateral and vertical facies relationships within these deposits, and allow the systematic
paleogeographic reconstruction of Grasshopper basin through time. Reconstructing the
paleodistribution of depositional systems also provides key information regarding the
original boundaries of this basin , imparting new understanding of the regional
paleogeographic significance of Grasshopper basin.

Methods
Four paleogeographic maps have been constructed for Grasshopper basin by
synthesizing facies association trend analyses, grain size and paleocurrent analyses, and
conglomerate and sandstone provena nce data (Fig. 22a,b,c,d). Supporting grain size and
paleocurrent data from figures 14 and 15 are shown on each map reconstruction. Heave
values corresponding to the tops of horizons reconstructed in each map were restored to
the Muddy-Grasshopper fault using measurements from cross section A-A' of Kickham
(2002) (Plate 3). The footwall region of the Muddy-Grasshopper fault was held fixed in
each reconstruction. These Eocene to Oligocene deposits are primarily east tilted and, as
a whole, are relatively undissected by erosion and subsequent faulting. This has
hampered the ability to produce fully constrained basin wide interpretations.
Reconstructions were limited to areas of sufficient data control and extrapolations were
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Figure 22. Paleogeographic reconstructions of Grasshopper
basin through time. ln each reconstruction the footwall was
pinned , and heave infered from cross section A-A' (Plate xx.) was
restored on the Muddy-Grasshopper fault. A) Time 1, Middle
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made where data permitted . Water well sections (Fig. 11) and seismic reflection
profiles (Appendix D) provided additional data coverage where exposure was lacking.

Paleogeographic Reconstructions
Map 1 (Tsc 1). The fluvio-deltaic unit Tertiary lower coarse sedimentary rocks
(Tsc 1) is the oldest unit to outcrop in Grasshopper basin. Exposures are limited to a small
area located in the core of the Bachelor Mountain anticline (Plate 1). Measured section 6
(Plate 4b) shows a typical coarsening-upward sequence of muds tones, siltstones and silty
sandstones, and medium to coarse-grained, granular sandstones observed within these
exposures (Fig . 23). Paleocurrent measurements of trough axes reveal primarily eastsoutheast directed paleotransport directions . Sandstones are feldspathic, but locally
contain stringers or solitary granules and pebbles of red and white quartzite and trace
pebbles of black chert and other unidentifiable clasts.
The Tertiary lower coarse sedimentary rocks (Tse,) is interpreted to represent
small fluvial-dominated delta channels and related interchannel overbank deposits
debouching sediment into a small lacustrine system occupying a nascent Grasshopper
basin. Figure 22a illustrates this interpretation. Approximately 5.1 km of heave
calculated from cross section A-A' (Plate 3) was restored on the Muddy-Grasshopper
fault for the purpose of constructing map 1. The feldspathic provenance of the
sandstones and interbedded stringers of red and white Proterozoic quartzites during this
period, sugge st a west-northwest source for deposits of the Tertiary lower coarse
sedimentary rocks (Tse,) (Fig. 17) (Table 1). East-southeast directed paleocurrent
measurements support this interpretation (Figs. 22a and 15).
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Figure 23. Photo showing a coarsening upward sequence within unit
Tsc 1 exposed in the core of the Bachelor Mountain anticline. This unit
is interpreted as part of the fluvio-deltaic facies association . B)
Amalgamated distributary channel at the top of the sequence .
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The Big Hole and Grasshopper basins represent a conjugate extensional basin
pair connected by an antithetic oblique anticlinal accommodation zone (Janecke, 1994;
terminology of Faulds and Varga, 1998) (Fig. 2). This conjugate basin relationship is
analogous to basins in the East African rift system where sediments overtop the spill
point of one basin and begin filling the other (Morley et al., 1990 ; Morley, 1999) . It is
interpreted that sediment was transported in east-southea st flowing fluvial systems out of
the Big Hole basin and into the Grasshopper basin by overtopping the Big Hole Divide
accommodation zone. Drilling in the Big Hole basin has revealed that lakes did occupy
the basin, however , sandstones, most likely fluvial are more abundant (Kurt Constenius,
written commun. 2001). If lakes were small and flu vial environments dominated, it
would be possible to transport sediment from the Big Hole basin into Grasshopper basin.
It is uncertain what depositional systems occupied the eastern side of Grasshopper
basin during this early stage in the basin history due to limited exposure. It is presumed
that early coarse-grained basin margin facies similar to the coarse-grained beds in the
footwall-derived fan-delta facies association were shed from the Muddy-Grasshopper
footwall highlands to the east of the basin.

Map 2 (Tc). The stream-dominated alluvial fan facies association is represented
by units Tertiary lower conglomerate (Tc), conglomeratic sandstone (Ts), and
megabreccias (Tmb). These units represent a sharp change in the source and size of
elastic material being shed into Grasshopper basin. Exposures of each unit are primarily
found on the east and western limbs of the Bachelor Mountain anticline with smaller
exposures located at Mill Point in the northern end of the basin and Red Butte at the
southern end. Measured section 10 (Plate 4b) shows a typical coasre -grained sequence
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found in deposits of this facies assoc iation . Not shown, however, are the large slide
blocks and megabreccias from plaeolandslide deposits also associated with this facies
association (Fig. 24). Paleocurrent measurements of trough axes and imbricated clasts
show east-southeast directed paleotransport directions within the Tertiary lower
conglomerate (Tc) (Figs. 22b and 15). Grain size also decreases eastward from cobble
and boulder-sized conglomerates to dominantly pebble-rich conglomerates (Figs. 22b and
14).
The Tertiary lower conglomerate (Tc), conglomeratic sandstone (Ts), and
megabreccias (Tmb) are interpreted as fluvial and paleolandslide deposits on a streamdominated alluvial fan or braided plain environment associated with the hanging-wall
ramp of the Muddy-Grasshopper fault. Figure 22b illustrates this interpretation. Roughly
4.85 km of heave measured on cross section A-A' (Plate 3) was restored to the MuddyGrasshopper fault. The red and white quartzite provenance of the clasts, megabreccias ,
and slide blocks in these deposits derived from the Proterozoic Belt Supergroup show a
western source in the Big Hole Divide. It is suggested that the Big Hole Divide
accommodation zone experienced a pulse of deformation that served to redistribute
drainage basin s and uplift a volume of Proterozoic Belt rocks in the Beaverhead
highlands , which served as a source for this facies association (Figs. 22a,b).
Alternatively, initial slip on the southwest dipping Agency-Yearian fault located along
the western-southwestern margin of the Salmon basin to the southwest of Grasshopper
basin might have uplifted a large highland source area of Belt Supergroup in the footwall
of the Agency-Yearian fault or the distal hanging-wall reaches of the Muddy-
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Figure 24. Photo of Tertiary megabreccia (Tmb) unit (paleoslide
block) exposed on Red Butte . Ts = Tertiary conglomeratic sandstone,
and Tcv = Challis Volcanics. Red Butte is approximately 80 m high .
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Grasshopper fault (Figs. 1 and 3). This would account for the abrupt change from
sand-rich, coarse-grained deposits of the Teriary coarse sedimentary rocks (Tsc 1) to the
boulder and cobble-rich conglomerates of the Tertiary lower conglomerate (Tc). The
abrupt nature and widespread signature of coarse conglomerates being shed into
Grasshopper basin suggests that a major deformational event is the probable cause for
this drastic shift in facies. The eastern portion of Grasshopper basin at this time was
characterized by footwall-derived fan-deltas entering the lake system (Fig. 22b ).
Reflection seismic shows chaotic zones of reflectors interfingering with moderately to
laterally continuous reflectors at similar time/depth horizons as units of the streamdominated alluvial fan facies association (Appendix D). It is presumed that axial fluvial
systems were feeding sediment into the northern end of the lake from north -northwest
source areas including the Big Hole basin during this time and the period represented in
map (1). These deposits, however, are not exposed in outcrop as predicted by basin
growth model s intrinsic to half-graben development (Schlische, 1991, 1995; Schlische
and Anders, 1996).

Map 3 (Tsc 2 ). The upper fluvio-deltaic unit Tertiary coarse sedimentary rocks
(Tsc 2) is exposed along the eastern limb of the Bachelor Mountain anticline, in the north
where the unit interfingers with the Tertiary transitional sedimentary rocks (Tst) and
coarse-fine sedimentary rocks (Tsfc), and in the southwestern Bachelor Mountain
Quadrangle in exposures near Red Butte. Measured sections 4 and 5, (Plate 4a) and well
section 1, (Fig. 1la) show coarsening-upward cycles of interbedded mudstones, siltstones
and silty sandstones, and coarse-grained sandstone and conglomerates. Exposures of the
Tertiary coarse sedimentary rocks (Tsc 2 ) in sections 4, 5, 6, 32, and 33, T.7 & 8.S,
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R.12.W in the Mill Point Quadrangle show south-directed paleocurrents and
southward decreasing grain size trends. Exposures along the eastern limb of the Bachelor
Mountain anticline and near Red Butte in the southern end of the Bachelor Mountain
Quadrangle yield east-southeast directed current indicators. The unit is characterized by
predominantly feldspathic sandsto nes with local lenticular beds of red Proterozoic
quartzites (unit Tcg 1).
Beds of the upper Tertiary coarse sedimentary rocks (Tsc 2 )are interpreted as
fluvial-dominated deltaic deposits similar to those of the lower Tertiary coarse
sedimentary rocks (Tse,) although coarsening-upward sequences and overall bedding in
Tsc 2 are thicker. Similar to the lower Tertiary coarse sedimentary rocks (Tsc 1), the upper
Tertiary coarse sedimentary rocks (Tsc 2 ) represent deltaic lobes feeding sediment into a
lacustrine basin (Fig. 22c) . A heave of 4.35 km measured on cross section A-A' (Plate 3)
was restored to the Muddy-Grasshopper fault. Feldspathic sandstones suggest that
streams in the axial fluvial system were transporting sediment from source areas to the
north-northwest, including granitic sources in the Pioneer batholith and sources related to
the Chief Joseph Pluton of the Big Hole basin (Table 1). Interbedded red quartzite beds
of the lower gravel conglomerate (Tcg 1) suggest that flu vial material from the streamdominated alluvial fan facies association periodically interfingered with more distal
fluvial and deltaic deposit s (Fig. 22c). The interfingering of chaotic zones and
moderately to laterally continuous reflectors in reflection seismic line ML-83-01
(Appendix D), suggest continued deposition of fan delta facies on the eastern side of the
basin. The seismic relationship between chaotic reflectors interpreted as the Tertiary
conglomeratic mudstone (Tmc) and continuous reflectors interpreted as the Tertiary
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upper-fine sedimentary rocks (Tsfu) represent a characteristic apron of coarse debris
all along the fault-bounded margin. This would suggest that the Tertiary conglomeratic
mudstone (Tmc) was being deposited throughout much of the basin history (Fig.
22a,b,c,d) (Appendix D).

Map 4 (Tmcs and Tst). The fourth reconstruction illustrates Grasshopper basin
reaching the end of its filling history and shows the axial fluvial system prograding
southward. A heave of 2.5 km measured on cross section A-A' (Plate 3) was restored to
the Muddy-Grasshopper fault. The Tertiary transitional sedimentary rocks (Tst) of the
fluvial facies association is exposed throughout the north central portion of Grasshopper
basin along the western sides of Grasshopper and Sagebrush Creeks in the Mill Point and
northern Grant Quadrangles. Measured sections 1, 2, and 3 (Plate 4a) illustrate typical
sequences of interbedded fining-upward channel sandstone and conglomerate packages
and fine-grained overbank deposits. Paleocurrents from trough axes and imbricated
clasts are south-directed and a southward decrease in grain size from conglomeratedominated channel facies in the Tertiary sandy-conglomeratic mudstone (Tmcs) to
sandstone-dominated channel-fill in the Tertiary transitional sedimentary rocks (Tst) is
observed (Fig. 22d).
The Tertiary sandy-conglomeratic mudstone (Tmcs) and Tertiary transitional
sedimentary rocks (Tst) of the fluvial facies association represent an axial flu vial system
in Grasshopper basin that eventually displaced the lacustrine system over time (Fig. 22d).
Facies mapping suggests that the lake that occupied Grasshopper had a stable northern
shoreline at the latitude of Bannack State Park, and coincided with the southern limb of
the Grasshopper Valley anticline from early deposition of lower Tertiary coarse

133
sedimentary rocks (Tsc 2 ) to early Tertiary upper-fine sedimentary rocks (Tsfu) time
(Fig. 13a,b,c I Plate. 1). Overall southward progradation observed in the upper half of the
Tertiary transitional sedimentary rocks (Tst) is also reflected in the facies patterns
observed on the geologic map (Plate 1) and on the simplified facies association map and
related architectural cross sections (Fig. 13a,b ).
Conglomerate clasts in the Tertiary sandy-conglomeratic mudstone (Tmcs) show
a mix of volcanic clasts, red Proterozoic quartzite clasts, and Paleozoic limestone and
orthoquartzite clasts all with potential source areas to the north-northeast (Fig. 17).
Sandstones are typically arkosic with occasional volcanic and quartzite lithic fragments
also suggesting derivation from source areas to the north (Table 1). The proximal to
distal facies trends from north to south and predominance of southward paleocurrent
directions support the interpretation of southward progradation . The Tertiary transitional
sedimentary rocks (Tst) interfinger with the Tertiary upper-fine sedimentary rocks (Tsfu)
of the nearshore facies association in the southeast comer of the Mill Point Quadrangle.
This relationship is interpreted to show that the axial fluvial system probably flowed into
a more shallow lake system that had decreased in areal extent relative to the Tertiary fine
sedimentary rocks (Tsf) time (Fig . 22d). This also suggests that the fluvial system never
pro graded entirely through Grasshopper basin during deposition of the Tertiary sandyconglomeratic mudstone (Tmcs) and Tertiary transitional sedimentary rocks (Tst) late in
the basin history.
Surface relationships exhibiting the interfingering relationship of the Tertiary
conglomeratic mudstone (Tmc) with the Tertiary transitional sedimentary rocks (Tst) and
Tertiary upper-fine sedimentary rocks (Tsfu) suggest that the fault -bounded, eastern side
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of Grasshopper ba sin continued to be characterized by deposition of fan delta and
likely some subaerial fan deposits (Fig . 22d). The interfingering of zones of chaotic
reflectors and continuous reflector character is observed up to the zero time/depth horizon
in seismic reflection profile ML-83 -01 (Appendix D) .

Beaverhead Protobasin
Flores and M'Gonigle (1991) proposed that the Medicine Lodge and Horse
Prairie basins were part of a larger protobasin that formed due to early Tertiary Laramide
flexure. In contra st, Hait and M'Gonigle (1988) and Janecke et al. (1996b) mapped a
west-dipping , listric detachment fault in the Tendoy Range due east of Medicine Lodge
basin and suggested that the east tilted sedimentary rocks in the Medicine Lodge and
Horse Prairie basin resulted from Eocene to Oligocene normal faulting. Correlating the
basin fill depo sits between the structurally divided Medicine Lodge and western half of
the Hor se Prairie topographic basins has proven in the past to be difficult due to a lack of
age control and the absence of marker beds (VanDenburg, 1997). VanDenburg attempted
to test the protobasin hypothe sis by comparing units in the Medicine Lodge and the
western half of the Horse Prairie basins. It was concluded that several correlations
between the Sedimentary Rock s of Bear Creek (Medicine Lodge Bed equivalents) and
the middle and lower shale unit s (Tsm and Tsl) of M'Gonigle et al. (1991) were
permissible, but the preferred interpretation was that the Sedimentary Rocks of Bear
Creek are genetically related to the middle shale unit (Tsm) . As a result of his work the
hypothesis has been strengthened but the evidence is not conclusive and the margins of
this protobasin depositional basin were still unknown . The systematic characterization of
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depositional environments represented by the Medicine Lodge beds in Grasshopper
basin presents a new opportunity to correlate equivalent stratigraphic units in the
Grasshopper, Medicine Lodge and Horse Prairie basins (Fig. 6).
Figure 22a,b,c,d show the progressive history of a southward flowing fluvial
system in the northern part of Grasshopper basin infilling a lake system to the south. The
axial fluvial and lacustrine deposits are punctuated by fan and fan delta deposits shed
transversely from the hanging-wall and footwall margins of the Muddy-Grasshopper fault
to the east and west, respectively. The paleogeographic reconstructions of the
Grasshopper topographic basin (Fig. 22a, b, c, d) show that the southern margin of the
depositional Beaverhead basin is located at the southern end of the Medicine Lodge and
Horse Prairie topographic basins .
The absence of a lacustrine to fluvial drainage facics change observed near the
southern end of the study area suggests that Grasshopper basin does not represent an
independent depositional basin. A southern spill point where outgoing fluvial systems
would have drained the lake system is not found within the boundaries of the
Grasshopper topographic basin (Fig. 13b) (Plate 3, B-B'). Instead, the fluvio-deltaic and
lacustrine facies units (Tsc 1, Tsc 2 , Tsfc, Tsf, and and Tsfu) are lateral equivalents of the
fluvio-deltaic and lacustrine facies units (Tsl, Tsm, and Tsu) in the Medicine Lodge basin
(M'Gonigle et al., 1991), and the Tertiary coarse sedimentary rocks (Tsc1), lower
conglomerate (Tc), coarse sedimentary rocks (Tsc 2 ), and coarse-fine sedimentary rocks
(Tsfc) are equivalent to the Sediments of Bear Creek in the Horse Prairie basin
(VanDenburg, 1997) (Fig. 6).
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It is proposed that the Grasshopper topographic basin and the Medicine and
Horse Prairie topographic basins combined, account for all of the pieces of the
hypothesized protobasin of Flores and M'Gonigle (1991) (Fig. 25) . This larger
extensional basin was dismembered by the Maiden Peak normal fault during
deformational phase 3 leaving
Grasshopper basin structurally intact and the Medicine Lodge and Horse Prairie
topographic basins partitioned by the intervening Maiden Peak Spur. The spill point for
the open freshwater lake system occupying the Beaverhead protobasin was probably
located in the east-west trending low between the Tendoy Mountains and the Maiden
Peak Spur of the Beaverhead Mountains at the southern end of Medicine Lodge basin,
southeast of Medicine Lodge Peak (Becker, 1969). The Muddy Creek basin to the
southeast of Grasshopper basin may have also captured the out flowing drainage given
the similar basin-fill ages and location relative to the proposed spill point (Janecke et al.,
1999). The eastward tilt of deposits in all three topographic basins agree with the
interpretation that the protobasin was the result of accommodation space produced by slip
on the Eocene to Oligocene Muddy-Grasshopper detachment fault (Hait and M'Gonigle,
1988; M'Gonigle et al., 1991; Janecke et al., 1996b; M'Gonigle and Dalrymple, 1996;
VanDenburg, 1997; VanDenburg et al., 1998).

Paleoclimate
Global temperatures have slowly been decreasing beginning in the Early Eocene
and continuing into the Pleistocene (Stanley, 1993; Prothero, 1994). There has also been
an overall drying trend during this period of climate change (Crowley and North, 1988;
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Figure 25. Paleogeo graphy of the Beaverhead protobasin that existed
before basin break-up occurred during deformational phase 3 (>28.5 to
16 Ma). Note the future location of the Meriwether Lewis fault,
Maiden Peak fault, and Maiden Peak Spur resulting during the later
deformational phase 3 event. Patterns in pre-Cenozoic rocks are the
same as in Figure 3 . No extension was restored to this map so it cannot
be compared directly with Figure 22.
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Molnar, 2001). The Eocene-Oligocene boundary marks one of the most severe
climate changes recorded in the Cenozoic (Stanley, 1993; Prothero, 1994). During this
time atmospheric temperatures decreased by as much as 10°C and near surface ocean
temperatures fell by as much as 4°C (Stanley, 1993; Prothero, 1994). Analysis of data
from this study and from previous studies (Becker, 1969; Axelrod, 1998; J.B. Orr, oral
commun. 2000) in southwest Montana and more specifically within Grasshopper basin
has not revealed an appreciable climate change during the Eocene-Oligocene transition .
This suggests that Grasshopper basin may simply not show evidence locally for this well
documented global climate change. Extreme changes in climate, as have been
documented for the Eocene-Oligocene boundary, could potentially contribute additional
controls on the distribution of facies in Grasshopper basin (Smith, 1994; Leeder et al.,
1998; Molnar, 2001). For examp le, overall drying trends, in addition to tectonically
produced accommodation space, could result in the restriction of the lacustrine system
observed through time in the basin. Therefore, climate should be considered.
Using the Chadronian (34-37 Ma) age assignment for unit Tsfc (Table 2), the
Eocene-Oligocene transition in the Medicine Lodge beds would likely be somewhere in
the Tertiary coarse-fine sedimentary rocks (Tsfc) or Tertiary fine sedimentary rocks
(Tsf). If this is correct, than the Eocene-Oligocene boundary coincided with a major
lacustrine transgression represented by back stepping of the Tertiary lower conglomerate
(Tc), conglomeratic sandstone (Ts), and coarse sedimentary rocks (Tsc 2 ) to the west
(Plate 1 and 3 section A-A'). Additionally, fossil flora suggest that humid conditions
preceded the transgression of the lake (Becker, 1969; Axelrod, 1998). Despite the
persistence of a large freshwater lake near the Eocene-Oligocene transition, the lake
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decreased in areal extent from early to late in the basin history before expanding in
the younger units of sequence 2, possibly representing the shift to more arid conditions
late in the Cenozoic (Fig. 22a ,b,c,d) (Molnar , 2001).
Modem climatic conditions in southwest Montana, consisting of punctuated
extremes of summer heat and winter cold with semiarid to arid precipitation rates (10-12
in/yr), differ drastically with the Eocene to Oligocene paleoclimate recorded in
Grasshopper basin in the Tertiary coarse-fine sedimentary rocks (Tsfc) and Tertiary fine
sedimentary rocks (Tsf) (Becker , 1969) . The Eocene gymnosperm Sequoia affinis and
the deciduous Cedrela pteraformis have been found in several locations throughout
Gras shopper basin both during this study and from the work of Becker (1969) and Orr
(Table 2) . The presen ce of these flora suggest paleo-temperatures of no less than 25° to
32°C during mild , short winter periods (Becker, 1969) . The flora contained within the
Medicine Lodge bed s repre sent a mix of varied deciduou s, easily identifiable trees and
shrub s (Cedrela, Paliuru s, Acer, Betula , and Ulmus), coniferou s trees (Sequoia), and
herbs and grasse s (Argostis, Viguiera , and Potentilla) suggest a warm-temperate climate
with humid to subhumid precipitation rates (50-60 in/yr) existed during deposition
(Becker , 1969) . Axelrod (1998) reinterpreted these flora to suggest that semiarid to
subhumid precipitation existed (30 in/yr) . The interpretations agree with Flores and
M' Gonigle (1991) who suggested that the common presence of debris flow deposits in
older third of the Medicine Lodge beds, equivalent to the fan delta facies associations in
Grasshopper basin , are indicative of a humid-temperate climate.
The presence of flora suggestive of a humid-temperate climate (Sequoia and
Cedrela) characterized by short mild winters from the base to the top of the basin-fill
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suggests at this point that no significant climate change occurred locally in the
Eocene to Oligocene Grasshopper basin.

As paleoclimate studies were not the focus of

this study, further work should be done in Grasshopper basin to test if climate imparted
any significant controls on the stratigraphic architecture observed.

Summary
The synthesis of stratigraphic and facies trend, grain size, paleocurrent analyses
and conglomerate and sandstonepetrologic analyses reveal that Grasshopper basin was
characterized by a dynamic depositional and structural history . Facies patterns (Plate 1)
and paleogeographic reconstructions (Fig. 22a,b,c,d) reveal a lacustrine dominated basin
with an axial fluvial system and hanging-wall and footwall derived fan systems that
experienced basin-wide fluctuations in lake level. For example, a significant lacustrine
transgression illustrated by the back stepping of the Tertiary lower conglomerate (Tc),
conglomeratic sandstone (Ts), and upper coarse sedimentary rocks (Tsc 2) to the west
(Plate 1 and 3 section A-A') is documented along the paleo western margin in the Brays
Canyon Quadrangle, section 14, T.8.S , R.13 .W. This major lake-level fluctuation
presumably would have had basin-wide affects . Shifts in source area for sediment
deposited in the fluvio-deltaic (Tsc 1 and Tsc 2) and stream-dominated alluvial fan (Tc)
facies associations suggest significant changes occurred along the western margin of the
basin. Growth of the Big Hole accommodation zone separating the Big Hole and
Grasshopper basins and/or initiation of faulting to the southwest in the Salmon basin are
proposed as possible contributing factors responsible for the reorganization of drainage
basins and uplift of new highlands to the west.
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Recognizing the lack of an independent southern margin in the Grasshopper
topographic basin and the ability to correlate the Medicine Lodge beds to deposits in the
Medicine Lodge and Horse Prairie topographic basins using paleoenvironmental
interpretations reveal that these three basins comprise the northern and southern reaches
of a larger proto-extensional basin. The Beaverhead protobasin as a whole was
characterized by an open freshwater lacustrine system with axial fluvial and fluviodeltaic infilling in the north and a probable spill point located to the south near the
present southern margin of the Medicine Lodge topographic basin (Becker, 1969; Flores
and M'Gonigle, 1991). Climate conditions at times during the history of the Beaverhead
basin greatly exceeded present day conditions with typically humid to subhurnid,
temperate precipitation rates (30 in/yr to 50-60 in/yr) (Becker, 1969; Axelrod, 1998) .
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DISCUSSION AND CONCLUSIONS

The Eocene to Oligocene Grasshopper extensional basin is an east tilted half
graben that contains about 3500 m total stratigraphic thickness of Tertiary basin-fill
consisting of five unconformity bounded sequences ranging in age from Middle Eocene
to Late Miocene. The sequences identified are 1) Challis volcanics, 2) Medicine Lodge
beds (Tsc 1 to Tmc) , 3) Sedimentary rocks of Everson Creek (Tee) and the 27.5-27.6 Ma
basalt flows and intrusions (Ti and Tb), 4) Sedimentary rocks of Bannack Pass (Tbp ), and
5) Six Mile Creek Formation (Tsy) (Fig. 9). As a result of this study a complex
strat igraphy comprised of fourteen elastic and carbonate facies units has been defined
within the Tertiary Medicine Lodge beds (Fig. 7). Abrupt lateral and vertical facies
changes, the complex interfingering of units, and the nonchronostratigraphic

nature of

some facies contacts support this interpretatio n. Additional younger Tertiary igneous ,
volcanic, and sedimentary units were also mapped as intruding and unconformably
overlying the Medicine Lodge beds. These unit s include Late Oligocene basaltic and
andesitic basalt flows and related intrusives, the Middle Oligocene Sedimentary Rocks of
Everson Creek, the Early-Middle Miocene Sedimentary Rocks of Bannack Pass, and the
Miocene to Pliocene Six Mile Creek Formation.
New geochronologic data, provide new insight about the relationship between the
Medicine Lodge beds (sequence 2) and the younger basalt flows (sequence 3), which
have been interpreted to be in angular unconformable contact. Four new
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have recently been received. Two of the samples were collected from tuffs in the
Tertiary sndy-conglomeratic mudstone (Tmcs), a third sample was collected from the
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western most basalt in the northern Grant Quadrangle, and a fourth sample (JJ-96-28)
was collected from the baslt near Red Butte in the southwest corner of the Bachelor
Mountain Quadrangle (Table 2). The 27.57 ± 0.64 Ma date fromsample JJ-8, collected
from a tuff in the Tertiary sandy-conglomeratic mudstone (Tmcs) (sequence 2) near Mill
Point is very close in age to the existing date of 27 .59 ± 0.23 Ma (sample JM-95-36) and
new date of 27.76 ± 0.20 Ma (JJ-WB) ages collected from the subhorizontal Tertiary
basalts (Tb) (sequence 3) (Table 2) (Plate 1). An additional date of 30.27 ± 0.28 Ma was
also collected from a tuff in the Tertiary sandy-conglomeratic mudstone (Tmcs)
(sequence 2) near Mill Point (Table 2) (Plate 1).
These new ages suggest that rocks above the angular unconformity (Tb,
27.59±0.23 Ma and 27.76±0.20 Ma) are the same age or are older than rocks below the
angular unconformity (Tmcs, 27.57+0.64, sample JJ-8) . An angular unconformity
separates the Medicine Lodge beds, with bedding dips ranging from 22°-33°, and basalt
flows above, which exhibit dips of no more than 1°-5°.
If con-ect, the geochronologic data allow at most 650 Ka to deposit an unknown

thickness of basin fill upsection from samp le JJ-8, tilt that undetermined thickness of
basin-fill , erode to the level of the base of the basalt flows, and deposit the basalt flows in
the resulting east-west trending paleovalley. The apparent increase in age upsection
reflected by sample JJ-31 to sample JJ-8 is explained by offset on the north-south striking
synthetic normal fault. This fault juxtaposes younger deposits of the Tertiary sandyconglomeratic mudstone (Tmcs) (27.57 ± 0.64 Ma) in the hanging-wall and older sandyconglomeratic mudstone (Tmcs) deposits (30.27 ± 0.28 Ma) in the footwa ll (Plate 1).
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This relationship might suggest that the synthetic normal fault possesses considerable
offset.
It is hypothesized, given the close proximity of the synthetic normal fault to the

eastern margin of the basin that if offset is restored on this fault, the deposits containing
27.57 ± 0.64 Ma tuff (sample JJ-8) could be of the youngest basin-fill deposited in
Grasshopper basin during sequence 2. Given the possibility of a 650 Ka period of time
separating the more steeply dipping basin-fill containing sample JJ-8 (27.57 ± 0.64 Ma),
and the subhorizontal basalts (27.59

± 0.23 Ma

and 27.76

± 0.20

Ma), it is possible that a

thin section of latest basin-fill was deposited, tilted, and then overlain by post tectonic
basalt flows. It is clear that additional work is needed to further constrain this hypothesis
or rule out potential alternative hypotheses.
For example, if the basalts are interbedded in the uppermost sequence 2, as the
new geochronology might suggest, then slip on the Muddy-Grasshopper fault would post
date 27.59 Ma. If the basalt is found to be repeated five times by unmapped, westdipping normal faults, then the basalts would be tilted the same amount as the adjacent
sedimentary rocks. In this case, the magnitude of extension on the Muddy-Grasshopper
fault would be greater than currently calculated, and the basin would contain a thinner
synrift sedimentary sequence.
Cross-cutting relationships and facies patterns suggest the majority of the
Medicine Lodge beds, sequence 2, formed in response to movement on the MuddyGrasshopper fault. The Medicine Lodge beds represent approximately 90% of the basinfill contained within Grasshopper basin. As a result of this, the units that make up
sequence 2 in Grasshopper basin exhibit an overall half-graben geometry.
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A detailed facies analysis of the defined stratigraphic units resulted in the
identification of six facies associations or depositional motifs within sequence 2 of
Grasshopper basin (Table 4). Axial fluvial and fluvio-deltaic, hanging-wall derived,
stream-dominated alluvial fan and related mass wasting deposits, footwall derived fan
delta, and nearshore and offshore lacustrine environments are all found in this Tertiary
extensional basin. These paleoenvironments suggest that Grasshopper basin was
depositionally very similar to other Tertiary extensional basins in southwest Montana.
Dominantly lacustrine depositional histories accentuated by axial fluvial and deltaic
deposition, large conglomeratic hanging-wall derived fluvial and alluvial fan facies, small
footwall-derived alluvial fan and fan-delta facies, precipitation of calcium carbonate , and
reworked gravel beach facies in the upper Ruby, Jefferson , Avon, Big Hole, Medicine
Lodge, Horse Prairie, Muddy-Cr eek, and Salmon basins are all simjlar to depositional
environments identified in Grasshoppe r basin (Monroe, 1976, 1981; Hanneman and
Nichols, 1981; Axelrod, 1984; Ripley, 1987; M'Gonigle et al., 1991; VanDenburg, 1997;
Blankenau, 1999; Janecke et al., 1999).
Paleocurrent analysis of the Medicine Lodge beds in Grasshopper basin reveals an
axial southward transport direction of material (Fig. 15). The mean current direction
measured from sedimentary structures was 195° (Fig. 15) (Appendix A). East-directed
(mean direction 107°) and west-directed (mean directions 201°, 197°, and 207°)
paleocurrents were also measured in the footwall derived and hanging-wall derived fan
deposits respectively, however, these deposits are primarily associated with sediment
derivation from highlands along the western and eastern basin margins (Fig. 15). These
findings contrast with paleocurrent data collected by Thomas (1995) who showed

146
regional east-southeast directed paleocurrents from the southern Grasshopper basin
and other southwest Montana basins . Paleocurrent analysis from this study supports the
narrow rift zone model of Janecke (1994), which postulates north -south trending
mountain ranges and an overall north , or southward transport of sediment during the
deposition of the upper two thirds of sequence 2. During the time the lower third was
being deposited it is proposed that the Big Hole accommodation zone was
partially/completely buried or structurally underdeveloped requiring that south-southeast
paleoflow may have existed.
This study has shown that extensional folding did affect sedimentation patterns
recorded in the Medicine Lodge beds. Transverse extensional folds related to slip on the
Muddy-Grasshopper fault are shown to have weakly controlled the geometry and
distribution of facies. Differenti al uplift and subsidence, mechanisms which controlled
accommodation space associated with transverse anticlines and synclines respectively,
are responsible for producing the subtle thinning and thickening patterns observed in
Grasshopper basin deposits (Fig. 21) (Schlische, 1991, 1995; Schlische and Anders,
1996). The interplay between fold growt h and sedimentation in Grasshopper basin is
most likely responsible for the latera l facies shifts observed near the Grasshopper Valley
anticline and may have localized depocenters. For example, the northern margin of the
lake occupying Grasshopper basin is interpreted as being localized near the southern limb
of the Grasshopper Valley anticline for at least half of the lakes history (Fig. 13a,b ).
Shifts in the shoreline position as revealed by the intertonguing of facies in this location
represent regressions and trangression s related to uplift and subsidence associated with
the Grasshopper Valley anticline (Fig. 21).
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Flore s and M ' Goni gle (1991) proposed that climate had little effect on lake
level fluctuation s because the lacustrine system occupying the Beaverhead basin
remained fresh and open throu ghout basin infilling . The apparent absence of a significant
signature of climate change in the Medicine Lodge beds would be consistent with this
interpretation . Alternativ ely, Greg Retallack (University of Oregon) has reported
evidence for fluctuati ons in precipitation based on the presence of calcic paleosols within
the Early Early Arikareean (27.6 Ma) Medicine Lodge beds in a locality near Mill Point
(Retallack, 2001; S.U. Janeck e, personal communication, 2002). This location is
upsection from the Chadronian (?) flora bearing beds described by Becker (1969) and
Axelrod (1998) . His findin gs suggest periodic wetting and drying associated with
fluctuation s in precipitation in Grasshopper ba sin. The se data may be in conflict with the
overall humid interpretation made for the lower one third of the Medicin e Lodg e beds by
Flore s and M'Goni gle (199 1). Additionally, no calcic paleosols were observed during
thi s study . Furth er detailed work shou ld be done, however , to test the finding s of
Retallack more clo sely in Grasshopper basin . Despite the potential for a drying trend in
the climate record in Grasshopper basin as indicated by the preliminary results of
(Sheldon and Ret al!ack, personal commun. to S.U. Janecke, 2002) , a significant lake did
persist throughout much of the basin history.
It is proposed that forced regressions in response to tectonism associated with the

Muddy-Gra sshopper fault and related extensional folds, and not climate, resulted in
lacustrine base level drop s follo wed by rebound of lake level and associated transgression
(Strecker et al., 1999). Thi s explanation would support the interpretation made for the
coarsening upward sequence s observed in the fluvio-deltaic facies association (unit Tsc 2)
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that required deltaic progradation to be interrupted by a base level drop and
deposition of lowstand channel deposits (Plate 4a) . A detailed sequence stratigraphic
framework correlating these deposits and related surfaces is needed in order to verify this
interpretation.
This study has recognized that the Medicine Lodge beds in Grasshopper basin are
east-tilted into the Muddy-Grasshopper fault similar to equivalent deposits in the
Medicine Lodge basin (Hait and M'Gonigle, 1988; M'Gonigle and Dalrymple, 1993).
The Tertiary conglomeratic mudstone (Tmc), interpreted to represent debris fans shed
from the footwall of the Muddy-Grasshopper fault, tracks closely along the entire trace of
the fault supporting this conclusion.

The presence of megabreccias and slide blocks

signaling tectonic subsidence and uplift are equally important in concluding that the
Medicine Lodge beds were syntectonic to the Muddy-Grasshopper fault. the east tilt or
asymmetry of the Medicine Lodge beds into the Muddy-Grasshopper fault exhibiting
facies patterns with an axial deposition al syste m parallel to the fault flanked by lesser
transverse sys tems further supports this interp retation.
The presence of turbidites shed from the crests of developing transverse anticlines
(Figs. 15 and 16) is perhaps the most convi ncing evidence in Grasshopper basin
suggesting that extensional folds did affect depositional patterns within the Medicine
Lodge beds. Similar relationships are observe d in basins of the East African rift system
(Morley, 1999). Additionally, the apparent thinning and thickening of units relative to
the transverse extensional folds may further support a fold effect on sedimentation in
Grasshopper basin (Figs. 13 and 21) . These observations show that extensional folds
related to displacement along the Muddy-Grasshopper fault (Kickham, 2002) had subtle
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effects on sedimentation patterns within Grasshopper basin. Therefore, this data is
additional support to suggest that the Medicine Lodge beds are synextensional deposits to
the Muddy-Grasshopper fault.
As a result, this study shows that the sedimentary deposits in Grasshopper basin
were deposited in accommodation space created by the Eocene to Oligocene rift zone of
Janecke (1994). These findings support the decision to assign the local name Medicine
Lodge beds to the Tertiary units within Grasshopper basin following M'Gonigle (1965),
and Janecke et al. (1999). These deposits should not be assigned to the age-equivalent
Renova Formation, which was deposited in the tectonically quiescent Renova basin
situated east of the rift zone shoulder accor ding to Janecke (1994) and Sears and Fritz
(1998) (Fig. 2).

Regional Implication
The stratigraphic and sedimentological data collected and compiled for
paleogeographical insight during this study are consistent with the interpretation that
Grasshopper basin contains Iacustrine, axial fluvial , hanging-wall alluvial fan, and
footwall fan delta depo sits. Paleogeo graphical reconstructions show that Grasshopper
basin was a dynamic Iacustrine basin characterized by axial fluvial infilling in the north
and lesser transverse depositional input from the western and eastern basin margins (Figs.
22a,b,c,d). The stratigraphic, paleoen viro nmental, and paleogeographic understanding of
Grasshopper basin revealed durin g the study shows no evidence for a southern margin to
the lacustrine facies at the latitude of the town of Grant, Montana (Fig. 22a,b,c,d).

150
The Laramide age pro to basin theory of Flores and M' Gonigle (1991)
proposing the Medicine Lodge and Horse Prairie basins once formed a larger flexural
basin, later broken up by normal faulting, was reinterpreted to suggest that the protobasin
resulted entirely from normal faulting (M'Gonig le and Dalrymple , 1993; Janecke et al.,
1996a; M'Gonigle and Hait, 1997; VanDenburg, 1997). Correlating the basin-fill
deposits between the structurally disrupted topographic basins has remained a persistent
problem. The stratigraphic and paleoenvironmental interpretations provided by this study
present a new method of correlating the basin fills between the Medicine Lodge and
Horse Prairie basins by including the Grasshopper basin as the structurally intact,
northern extent of the larger protoba sin. The lacustrine and marginal lacustrine
paleoenvironments identified in Grasshopper basin are proposed to continue laterally to
the south into equivalent paleoenvironme nts in the Medicine Lodge and Horse Prairie
basins identified by Flores and M'Gonigle (1991) and VanDenburg (1997). Combining
these three topographic basins reveals a protobasin that approximately covers a 1500 km

2

area (Fig. 25) .
It is proposed that this larger depositional basin, which includes the Grasshopper,
Medicine Lodge, and Horse Prairie topographic basins, be named the Beaverhead basin
following the precedent set by Becker (1969). Becker suggested the name Beaverhead
basins for the area encompassing the three topographic basins while describing the floras
in fossil localitie s of each. This name was chosen because the basins and related fossil
localities are located in Beaverhead county, are bordered to the west and southwest by the
Beaverhead Mountains, and because the modern stream drainages from each of the basins
flow into the Beaverhead River. This is also consistent with the convention of using
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geomorphic features to name the Grasshopper (Grasshopper Creek), Medicine Lodge
(Medicine Lodge Creek), and Horse Prairie (Horse Prairie Creek) topographic basins .
The Beaverhead protobasin was probably connected to the Big Hole basin during
deposition of sequence 2.

Models of Extensional Basins
The stratigraphic architecture and structural style of the Grasshopper basin
portion of the proposed Beaverhead depositional basin can be used to evaluate current
extensional models of basin development. Structurally, Grasshopper basin exhibits an
overall half-graben geometry bounded by the west-dipping listric Muddy-Grasshopper
fault with surface dip s measured in the fie ld ranging from 39°-57° and lower-angle dips
ranging from 11°-20° near the northern and southern margins of the field area as well as
in the subsurface to the west (Plates. 1 and 3, A-A') (Appendix D). The MuddyGrasshopper fault is characteristically curviplanar with corrugations perpendicular to the
extension direction and has accommodated at least 85% extension (Kickham, in
progress). The stratigraphy and sedimentat ion patterns within the Medicine Lodges beds
deposited synextensionally to the Muddy-Grasshopper fault illustrate an extensional
basin characterized by primarily axial fluvial systems flowing into a perennial lake.
Detritus from large alluvial fans and braided streams were periodically shed eastward into
the basin from the hanging-wall ramp margin, while small debris flow dominated fan
deltas derived from canyons in the footwall highlands were deposited immediately into
the lake located very proximal to the basin bounding fault.
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The Medicine Lodge beds are observed to broadly fit the gross tripartite
stratigraphic model proposed by Schlische and Olsen (1990) and Olsen (1990) showing
an axial fluvial system low in the sequence transitioning upward into offshore lacustrine
and returning to axial fluvial or shallow lacustrine near the top of the section. It is
suggested that this pattern is controlled by the balance between basin infilling and
subsidence and may represent a decrease in the displacement rate of the basin bounding
fault through time (Olsen, 1990; Schlische and Olsen, 1990; Contreras et al., 1997).
Unfortunately, displacement rates for the Muddy -Grasshopper fault and sedimentation
rates within the Medicine Lodge beds are not well constrained due to a lack of age
control. Using the maximum (48.94 Ma) and minimum (27.59 Ma) age constraints for
Grasshopper basin , an approximate sediment accumulation rate of 90 m/Ma is calculated
for the entire basin-fill thickness . Using the Early Early Arikareean (25-29.5 Ma) age
assignment for unit Tmcs in the upper third of the Medicine Lodge beds and the 27.50 ±
0 .78 Ma

40

39

Ar/ Ar age determination for unit Tb (Janecke et al., 1999), an accumulation

rate of approximately 500 m/Ma is calculated . These calculations would suggest that the
broad tripartite stratigraphy observed in Grasshopper formed despite high slip rates late in
the basin history. This would contradict the prediction of decreasing slip rates through
time as a mechanism for the formation of a tripartite stratigraphy. Future work should be
done to constrain both the rate of slip on the Muddy-Grasshopper fault and rates of
sedimentation in order to better evaluate the mechanisms responsible for producing the
observed tripartite stratigraphy.
Friedmann and Burbank (1995) proposed a classification scheme to distinguish
both structurally and stratigraphically between two "intracontinental extensional end-
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members" . Their end-member scheme consisted of a supradetachment basin
characterized by: 1) short lived history (5- 10 Ma), 2) high amounts (50-200%) and fast
rates (as much as 15 mm/yr) of extension, 3) gentle near surface fault dip (<30°), 4)
basin-fill depths to basement not exceeding 3 km, 5) dominantly conglomeratic basin-fill,
6) large footwall deri ved alluvial fans, 7) sma ll hanging-wall derived alluvial fans, and 8)
short lived distal lacu strine deposits (Fig. 5a) (Friedmann and Burbank, 1995). They
defined the supradetachment basin as "a basin which forms above a low-angle normal
fault system." They also clarified that the term is meant to address the end-member
model they presented using the Shadow Valley, Chemehuevi, Artillery and Strymon
basins. The rift basin end-member is characterize d by: 1) long lived history (>10 Ma) , 2)
low amounts (<25%) and slow rates (<8 mm/yr) of extension, 3) steep near surface fault
dip (::~60°),4) typicall y thick fill (>6-7 km or as much as 16 km), 5) depocenters proximal
to the main bounding fault, 6) minor footwa ll derived alluvial fans (<4 km of runout), and
7) gross tripartite stratigraphy (Fig. 5c) (Olsen, 1990; Friedmann and Burbank, 1995;
Contreras et al., 1997).
Data collected during this study and during a complimentary study (Kickham,
2002) show that Grasshopper basin is a struc tural and stratigraphic hybrid of the
supradetachment and rift basin end-members as defined by Friedmann and Burbank
(1995). Structurally, stratigraphic ally, and sedimentologically this study has revealed
that Grasshopper basin is characterized by: 1) a possibly long lived history (-20 Ma), 2)
>85% extension (Kickham, 2002), 3) curv iplanar, dominantly low-angle MuddyGrasshopper fault, 4) moderate to steep near surface dips on the Muddy-Grasshopper
fault (39°-57°) and lower angle dips (11 °-20°) near the northern and southern margins of
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Grasshopper basin and in the subsurface to the west, 5) a vertical basin-fill thickness
of roughly 2 km, 6) long-lived proximal lacustrine deposits, 7) large hanging-wall
derived alluvial fans and braided stream deposits, 8) minor footwall derived fan deltas
(<3 km runout), and 9) a gross tripartite stratigraphy (Fig. 5b) ( Olsen, 1990; Contreras et
al., 1997) .
Table 6 shows that Grasshopper basin exhibits structural and stratigraphic
qualities reminiscent of both the supradetachment and rift basin end-member models.
Structurally, Grasshopper basin is similar to both the supradetachment basin and rift
basin end-members. For example, Grasshopper basin possesses both steep (-60°) and
gentle (<20°) near surface fault dips (Fig. 5a) (Table 6). Grasshopper basin does exhibit a
large percent of extension (>85 %) tending to be more like the supradetachment endmember model (Table 6). Additionally , the corrugated or curviplanar nature of the
Muddy-Grasshopper fault surface is more like the supradetachment end-member than that
of the rift basin end-member (Table 6).

tratigraphically, Grasshopper basin possesses

qualities more similar to the rift end-member. For example, large fan deposits derived
from the footwall are not found in Grasshopper basin and lacustrine depocenters are
proximal to the Muddy-Grasshopper fault (Table 6). The basin-fill within Grasshopper
basin is not dominated by coarse conglomerates and the stratigraphy exhibits a vague
tripartite framework as is common in many extensional basins bounded by high-angle
normal faults (Table 6) (Friedmann and Burbank, 1995). Unlike the rift basin end member, Grasshopper basin only contains 2 km of vertical basin-fill thickness (3.5 km of
stratigraphic thickness) and does contain both footwall and hanging-wall derived
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TABLE 6. EXTENSIONAL BASIN END-MEMBER
CHARACTERISTICS IN COMP ARIS ON TO GRASSHOPPER BASIN
Characteristic
Rift
Suprade tachment
Grasshopper
basin
Structura l Characteristics
Short lived ltistol) ' (5- IO Ma)
Long lived history (> 10 Ma)
High extension (50-200%)
Low extension (<25%)
Hig h extension rates
(as much as 15 mm/yr)
Low extension mtes
(<8 mm/yr)

+

+

+ and -

-

+
at times

+

+ and·

+

+ and -

-

-

+

+

Curviphmar fault trace

+

Basin-fill depths to basement
<3 km
Basin-fill depths to basement
> 5 km
Dominant coarse-grained
basin-fill
Mass wasting deposits
Large footwall derived fan
deposits
Minor footwall derived fan
deposits
Small hanging-wall derived
fan deposits
Large hangin g-wall derived
fan deposits
Short lived distal lacustrin e
deposits
Long lived proximal
Iacustri.ne deposits
Gros s tripartite stratigraphy

-

+

Steep near surface fault dips
(?::60°)
Gen tle near surface fault dips
(<JOO)
Planar fault trace
Listric fault geome try

-

+
.

-

- and+
. .
sccI"1mcnt ary Ch ante t enstics

+

-

+

+and·

+

+

·and+

+

+

-

-

-

+

+ and ·

+

-

-

+

+

+

-

.

-

+

+

+

-

+and·

.

+

+ and·

+
+

-

.

-

+
+
- Basin characteristics after Friedmatm and Burbank ( I 995)
- Shading highlights similar characteristics of Grasshopper basin to end-member models
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paleolandslide deposits, which are qualities characteristic of the supradetachment
basin end-member model (Table 6) (Friedmann and Burbank, 1995) .
The one attribute of Gras shopper basin not included in either of the end-member
models of Freidmann and Burbank (1995) is the listric fault geometry that characterizes
parts of the Muddy-Grasshopper fault (Fig. Sb) (Table 6). This would suggest that the
geometry of the basin-bounding fault syste m imparts a significant influence on the
resulting basin-fill geometry. It is proposed that Grasshopper basin fits between the endmember models for intracontinental extensional basins constructed by Friedmann and
Burbank (1995) and exhibits structural and stratigraphic attributes of both models (Fig.
5a,b,c) . However, stratigraphically Grasshopper basin displays more similarities to the
rift basin model and is structurally more similar to the supradetachment basin model
(Table 6). Additional work should be done in Grasshopper basin to further elucidate the
effects of basin-bounding fault growth and geometry and extensional fold growth on
basin-fill architecture. This should include constraining the rates of displacement along
the Muddy-Gra sshopper fault and identifying the balance between rates of sedimentation
within the Medicine Lodge beds and subsidence relative to extensional folds.
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TABLE Al. UNCORRECTED AND CORRECTED PALEOCURRENT DATA
FROM TER TIARY BASIN-FILL
Samp le Section , Town ship
numb er and Range

lb
2b
3b
4b
Sb
6b
7b
8b
9b
lOb
l lb
12b
13b
14b
!Sb
16b
17b
18b
19b
20b
2lb
22b
23b
24b
25b
26b
27b
28b
29b
30b
3 lb
32b
33b
34b
35b
36b
37b
38b
39b
40b
4lb
42b
43b
44b
45b

BCQ 13-8sl3w
BCQ 13-8sl3w
BCQ 13-8sl3w
BCQ 13-8s l 3w
BCQ 13-8s13w
BCQ 13-8sl3w
BCQ 13-8s13w
BCQ 13-8s13w
BCQ 13-8s l 3w
BCQ 13-8s13w
BCQ 13-8sl3w
BCQ 13-8sl3w
BMQ 15-9sl3w
BMQ 15-9s l3w
BMQ 15-9sl3w
BMQ 15-9s l3w
BMQ l 5-9s l 3w
BMQ 22-9sl3w
BMQ 22-9sl3w
BMQ 22-9s I 3w
BMQ 22-9sl3w
BMQ 22-9sl3w
BMQ 22-9sl3w
BMQ 22-9sl3w
BMQ 22-9sl3w
BMQ 22-9s l 3w
BMQ 22-9s l 3w
BMQ 22-9sl3w
BMQ 22-9s l 3w
BMQ 22-9sl3w
BMQ 22-9s l 3w
BMQ 22-9s l 3w
BMQ 22-9s l 3w
BMQ 22-9s l3w
BMQ 27-9sl3w
BMQ 27-9sl3w
BMQ 27-9s l 3w
BMQ 27-9s l 3w
BMQ 27-9sl3w
BMQ 27-9sl3w
BMQ 27-9sl3w
BMQ 27-9s l 3w
BMQ 27-9sl3w
BMQ 27-9sl3w
BMQ 27-9s 13w

Rock
unit

Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tc
Tsc2
Tsc2
Tsc2
Tsc2
Tsc2
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc
Tsfc

Structure
type

Imbricated Clast
Imbricated Clast
lmbricated Clast
Imbricated Clast
Imbricated Clast
Imbricated Clast
Imbricated Clast
Imbricated Clast
Imbricated Clast
Imbricated Clast
Imbricated Clast
Imbricated Clast
Troug h Axis
Trough Axis
Troug h Axis
Trough Axis
Troug h Axis
Trough Axis
Troug h Axis
Troug h Axis
Trough Axis
Trough Axis
Trough Axis
Trough Axis
Troug h Axis
Troug h Axis
Trough Axis
Trough Axis
Trough Axis
Troug h Axis
Troug h Axis
Troug h Axis
Trough Axis
Troug h Axis
Trough Axis
Troug h Axis
Troug h Axis
Troug h Axis
Troug h Axis
Troug h Axis
Troug h Axis
Troug h Axis
Troug h Axis
Troug h Axis
Troug h Axis

Original
strike /trend

Original
dip /p lun ge

Corrected
st rik e /trend

Corrected
dip /p lun ge

285
230
272
215
235
252
270
295
248
170
255
225

9
19
17
14
57
63
19
23
36
35
48
63

315
347
341
334
46
94
313
99
166
167
82
6i

175
211
190
180
136
112
159
146
211
180
60
257
285
155

19
22
15
22
23
15
30
22
24

175
209
190
180
138
111
155
143
207
178
61

19
28
16
30
40
31
27
18
27
17
44
35
7

272

105
206
184
146
213
150
187
145
130
200
250
150
155
130
138
175
245
206

13

11
5
JO

11
12
14
27

15
5
16
16
20
38
40
6
9
21
28
29
32
15
6
13

77

105
157
93
103
214
188
147
217
153
193
135
123
196
246
145
147
126
132
170
241
199

12
3
10
14
7

26
17
28
13
3
5
4
24
1
28
29
22
19
16
30
27

21
19
11
30
6
14
9
13

9
26
20

177
46b
47b
48b
49b
50b
51b
52b
53*
54b
55b
56*
57b
58b
59b
60*
61*
62*
63*
64d
65d
66d
67d
68d
69d
70d
71d
72d
73d
74d
75d
76d
77 *
78 *
79*
80*
81*
82*
83*
84*
85*
86*
87*
88*
89*
90*
91*
92*
93a
94a
95a

BMQ 27-9s13w
BMQ 27-9sl3w
BMQ 27-9sl3w
BMQ 27-9sl3w
BMQ 34-8s I 3w
BMQ 34-8sl3w
BMQ 34-8sl3w
BMQ 34-8sl3w
BMQ 34-8sl3w
BMQ 34-8sl3w
BMQ 34-8sl3w
BMQ 34-8s13w
BMQ 34-8sl3w
BMQ 34-8sl3w
BMQ 35-8s13w
BMQ 35-8sl3w
BMQ 35-8sl3w
BMQ 35-8sl3w
GQ 31-9sl2w
GQ 31-9sl2w
GQ 31-9sl2w
GQ 31-9sl2w
GQ 31-9sl2w
GQ 31-9sl2w
GQ 3 l-9sl2w
GQ 31-9sl2w
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150c
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220
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317
35
15lc
MPQ 19-7s llw
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31
330
38
34
152c
MPQ 19-7s l 1w
Tmc
Imbricated Clast
21
14
310
29
153a
MPQ 27-7sl2w
Tst
Trough Axis 250
250
24
9
154a
MPQ 27-7sl2w
Tst
Trough Axis 190
11
187
19
155a
MPQ 27-7sl2w
Tst
Trough Axis 165
12
162
14
MPQ 27-7sl2w
156a
Tst
Trough Axis 209
4
207
16
MPQ 27-7sl2w
157a
14
Tst
Trough Axis 220
217
27
158a
MPQ 27-7sl2w
Tst
Tabular Plane
260
20
219
21
159a
MPQ 34-7s12w
Tmcs
Trough Axis
136
316
2
6
160a
MPQ 34-7sl2w
Tmcs
Trough Axis 168
4
168
1
16la
MPQ 34-7sl2w
Tmcs
Trough Axis 137
7
317
1
162a
MPQ 34-7sl2w
Tmcs
Trough Axis 121
26
119
17
MPQ 34-7sl2w
163a
Tmcs
Trough Axis
151
7
150
1
MPQ 34-7sl2w
164a
Tmcs
Trough Axis 128
30
126
21
165a
MPQ 34-7s12w
Tmcs
Trough Axis
40
41
4
JO
166a
MPQ 34-7sl2w
Tmcs
Tabular Plane
30
26
42
17
167a
MPQ 34-7sl2w
Tmc s
Tabular Plane
4
24
2
14
168a
MPQ 34-7sl2w
Tmc s
Trough Axis 204
13
199
17
MPQ 34-7sl2w
l6 9a
Tmc s
Trough Axis 210
22
203
17
MPQ 34-7sl2w
170a
Tmcs
Trough Axis
123
JO
303
8
17la
MPQ 34-7sl2w
Tmc s
Trough Axis
106
18
286
1
172a
MPQ 34-7sl2w
Tmc s
Trough Axis
104 30
104
fl
MPQ 34-7sl2w
173a
Tmc s
Trough Axis
148
146
8
1
J]
174a
MPQ 34- 7s l 2w
Tmc s
Trough Axis
108
9
288
MPQ 34-7sl2w
175a
50
16
50
1
Tmcs
Trough Axis
MPQ 34-7sl2w
176a
Tmc s
Trough Axis 233
13
233
28
177a
MPQ 34-7sl2w
Tmcs
Trough Axis
32
6
212
8
MPQ 5-8 sl2w
178a
Trough Axis
109 34
107
4
Tsfc
179a
MPQ 5-8sl2w
Trough Axis
Tsfc
120 18
300
1
180a
MPQ 5-8sl2w
Tsfc
Trough Axis
125 28
124
9
18la
MPQ 5-8sl2w
Tsfc
Trough Axis 108
3
36
106
182a
MPQ 5-8sl2w
Trough Axis
105
5
Tsfc
105 29
183a
MPQ 5-8sl2w
Tsfc
Trough Axis
19
271
4
90
MPQ 5-8 sl2w
Trough Axis
14
184a
Tsfc
165 27
157
MPQ 5-8sl2w
185a
Tsfc
Trough Axis
186 21
178
16
Notes: Sample locati on des1gnallons (BCQ)Brays Canyon Quadrangle,
(BMQ) Bachelor Mountian Quadran gle, (GQ) Grant Quadrangle , (MPQ) Mill Point Quadrangle.
Imbricated clast = strike and dip of individual clast. Trough axes= trend and plunge in direction
of flow. Planar data are shown in plain numerals, and linear data are shown in italics . Ripple
cres t = current direction implied by asymmetrical ripple . Tabular plane= strike and dip of
cros sbed. Flame structure= current direction implied by structure. Lower case letters refer to
sample sites in Figure 15. * = uncert ain sample
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Appendix B.
Conglomerate Clast Count Data
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TABLE Bl. PEBBLE TO BOULDER CLAST COUNT DATA FROM
CENOZOIC BASIN -FILL
Sample Rock
unit

Max Sample
(mm) location

CC21
CC6
CC8
CC9
CC15
CC17
CC14
CC16
CC7
CC12
CC23
CC13
CC22
CC3
CC4
CC5
CC19
CCl
CC2
CCtO
CCll
CC18
CC20

30
300
265
85
184
325
65
215
45
145
250
120
25
60
155
50
55
70
75
60
72
95
235

Tscl
Tc
Tc
Tc
Tc
Tc
Tsc2
Tsfc
Tst
Tst
Tst
Tsfu
Tsfu
Tmcs
Tmcs
Tmcs
Tmcs
Tmc
Tmc
Tmc
Tmc
Tmc
Tmc

BMQ 34-8s l 3w
MPQ l6-7sl2w
BCQ 18-8sl2w
MPQ 5-8sl2w
BMQ 13-9sl3w
BMQ 33-8sl3w
BMQ 30-8sl2w
BMQ 27-9sl3w
MPQ 2-8sl2w
MPQ 14-8sl2w
MPQ 2-8sl2w
MPQ l 5-8s l 2w
MPQ 4-8sl2w
MPQ 23-7sl2w
MPQ 15-7sl2w
MPQ 10-7sl2w
MPQ 23-7sl2w
MPQ 19-7sl lw
MPQ 19-7sl t w
GQ 25-8sl2w
MPQ l4-8sl2w
MPQ 12-8s l2w
BQ 6-8sl lw

Vole Lms Yw Yb Cht Ter Other
%
% % % % %
%
23
0
0
0
0
0
0
5
73
51
67
11
6
53
54
34
65
66
87
35
46
55
27

0
0
0
0
0
0
0
0
18
47
20
41
72
2
0
0
0
7
0
55
8
35
59

0
6
0

28
83
95
88
26 74
45 55
31 69
26 51
1
0
0
0
0
0
2 46
0
0
5
0 14
3 20
0
0
13
1
2
0
0
0
26 11
0
6
0 13

28
0
0
1
0
0
0
12
0
0
0
0
l
3
1
6
8
0
0
0
0
0
0

10
0
0
1
0
0
0
0
0
0
0
0
0
1
3
5
4
0
0
0
0
0
0

11
11
5
9
0
0
0
6
8
2
13
0
21
35
28
32
23
13
11
10
9
4

Notes: Sample location designations (MPQ) MiU Point Quadrangle, (BCQ) Brays Canyon
Quadrangle, (BMQ) Bachelor Mount ain Quadrangle, (GQ) Grant Quadrangle, (BQ)
Bannack Quadrangle. Vole= Mesozoic and Cenozoic volcanics, Lms = Paleozoic
Limestone,Yw = Proterozoic white quartzite, Yb= Proterozoic red quartzite, Cht = Chert,
Ter = Recycled Tertiary, Other = Cretaceous Beaverhead Fm, Paleozoic Quadrant Fm, and
unidentified clasts
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Appendix C.
Sandstone Petrographic Data
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TABLE Cl. POINT COUNT DATA FROM TERTIARY BASIN-FILL
Sample
number

Sample
location

JJ-20

Rock
Unit

Q

F

L

%Q

%F

%Lt

MPQ 6-8s l2w

Tsc2

246

76

9

74

23

3

JJ-85

MPQ 33-7s l2w

Tsc2

153

149

35

46

44

IO

JJ - 1

GC 3 1-9s l 2w

Tsfc

2 18

78

71

60

21

19

JJ-57

BMQ 15-9s l 3w

Tsfc

153

184

2

45

54

JJ -62

BMQ 29-9 s I 3w

Tsfc?

250

70

2

78

21

JJ -88

MPQ 7-8s l 2w

Tsfc

140

138

3

50

49

JJ-12

MPQ 34-7s l2w

Tst

162

149

45

45

42

13

JJ -14

MPQ 34-7s l2w

Tst

201

163

22

52

42

6

JJ - 13-2

MPQ 34-7s l 2w

Tst

127

98

6

55

42

3

JJ - 16

MPQ 34-7s l2w

Tst

163

2 18

IL

41

56

3

JJ-34

MPQ 27-7s l2w

Tst

170

200

3

45

54

JJ-35

MPQ 27-7s l2w

Tst

185

196

5

48

51

I

JJ-6

MPQ 15-7sl2w

Tmcs

72

31

266

20

8

72

JJ-47- 1

MPQ 14-8sl2w

Tmc

166

69

196

39

16

45

Qm

F

Lt %Qm

%F

%Lt

JJ-20

MPQ 6-8s l2w

Tsc2

242

76

9

74

23

3

J.J-85

MPQ 33-7sl2w

Tsc2

150

149

35

45

45

10

JJ -1

GC 3 1-9s l2w

Tsfc

218

78

71

60

21

19

JJ-57

BMQ 15-9s l 3w

Tsfc

150

184

2

45

54

JJ-62

BMQ 29-9 s l 3w

Tsfc?

244

70

2

77

22

JJ-88

MPQ 7-8sl2w

Tsfc

135

138

3

49

50

JJ- 12

MPQ 34-7sl2w

Tst

160

149

45

45

42

13

JJ- 14

MPQ 34-7sl2w

Tst

192

163

22

51

43

6

JJ - 13-2

MPQ 34-7s l2w

Tst

126

98

6

54

43

3

JJ- 16

MPQ 34-7sl2w

Tst

163

2 18

42

56

2

JJ -34

MPQ 27-7s l2w

Tst

167

200

3

45

54

JJ-35

MPQ 27-7s l2w

Tst

184

196

5

48

5l

JJ-6

MPQ 15-7s l 2w

Tmcs

69

31

266

19

8

73

JJ -47- 1

MPQ 14-8s l2w

Tmc

166

69

196

39

16

45

Mm

Mb

p %Mm

II

%Mb

%P

JJ-20

MPQ 6-8s l 2w

Tsc2

0

0

25

0

0

100

JJ -85

MPQ 33-7s l2w

Tsc2

I

6

7

7

43

50

JJ -1

GC 3 l -9s l 2w

Tsfc

5

6

84

5

6

89
100

JJ-57

BMQ 15-9s l 3w

Tsfc

0

0

98

0

0

JJ- 62

BMQ 29-9sl3w

Tsfc?

9

42

95

6

29

65

JJ -88

MPQ 7-8s l2w

Tsfc

4

3

124

3

2

95

JJ - 12

MPQ 34-7sl2w

Tst

18

21

94

14

15

71
66

JJ - 14

MPQ 34-7sl2w

Tst

LI

27

74

LO

24

JJ-1 3-2

MPQ 34-7s l2w

Tst

19

57

9

22

67

LL

JJ - 16

MPQ 34-7s l 2w

Tst

12

22

39

17

30

53

JJ -34

MPQ 27-7sl2w

Tst

10

32

80

8

26

66

184
[96

5

48

0

0

4l

3

38

8

JJ-35

MPQ27 -7s l2w

Tst

185

JJ-6

MPQ l5 -7s l2w

Tmcs

JJ-47-1

MPQ 14-8s l2w

Tmc

51

1

0

0

100

6

78

16

Notes: Sample location designation s (GC) Grant Quadrangle, (MPQ) Mill Point Quadrangle, (BMQ)
Bachelor Mountain Quadrangle . Count parameters (Q) Monocrystalline and polycrystalline quartz,
(Qm) Monocrystalline qaurtz , (F) Plagioclase and potassium feldspar, (Lt) Volcanic, metamorphic, and
sedimentary lithics, (Mm) Muscovite, (Mb) Biotite, (P) Pore space
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Appendix D.
Interpretations of reflr ction seismic lines
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Figure Dl. Location map of seismic profiles ML-83-2 and ML-83-1.
Interpreted lines are in red. The boundaries of the study are outlined.
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Figure D2 . Seismic reflection profile ML-83-1 . Red lines are faults, blue lines are Tertiary basin-fill ,
orange lines are chaotic reflectors (monotonous mudstones/conglomerates ?), green line is base Tertiary .
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Figure D3 . Seismic reflection profile ML-83-2 . Red lines are faults , blue lines are Tertiary basin-fll, and
green line is base Tertiary contact. Uninterpreted line below . A fault may also explain the presence of
convergent bedding (see Kickham , 2002) .
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Plate 1. Geologic map of Grasshopper basin, southwest Montana
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Plate 2. Descriptions of map units and correlation chart
CORRELATION OF MAP UNITS: 1:50000 MAP
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Tertiary Igneous Rocks

Ti

(Basalt flows, Oligocene) Brownish-gray to black andesitic basalt flows. Vesicular near the tops of
flows. Outcrops consist of 2-8 amalgamated flows ranging in individual thickness of 5-6m . Total
amalgamated thickness in sec. 20, 21, 22, 23, 26, 27, 28 and 29, T.8.S., R.12.W is 12-35m from west lo
east respectively . Whole-rock 4 DAr/39Ar age determinations at 27.50 + 0.78 Ma from a groundmass
concentrate (Janecke et al., 1999) was from the easternmost erosional remnant in section.

Tu

(Tertiary sedimentary rocks undifferentiated [Tee or Tbp], Oligocene?-Middle Miocene?) Light brown
to tan sandstone , siltstone , air fall luffs , and local granule to pebble gravelly lenses dominate this unit. Local
lithic and feldspathic sandstones are typically thin (30-SOcm)exhibiting lenticular geometries with lateral
stratigraphic extent of <15 meters but are uncommon Sedimentary structures and siliceous to calcareous
concretions/nodules are present but are uncommon .
(Sedimentary rocks of Bannack Pass, Early-Middle Miocene) Light brown to tan sandstone , siltstone , air
fall luffs, and local granule to pebble gravelly lenses dominate this unit. The lightweight and friable makeup
of this unit suggest an overall tuffaceous nature. Moderate to heavy bioturbation may account for the
dominantly massive nature of the formation. Rounded siliceous and local calcareous concretions/nodules
are present. Exposures of Tbp are restricted to an outcrop belt within 1km of the Meriwether Lewis normal
fault on the western side of the basin. Correlative with the Sedimentary rocks of Bannack Pass M'Gonigle
(1994) and VanDenburg et al. (1998). At least 200 m thick.

Tee

(Sedimentary rocks of Everson Creek, Oligocene-Early Miocene) Unit Tee is dominated by interbedded
white to tan , brown to gray, medium bedded (10-30cm) to massive tuffaceous siltstone, massive gray and
brown mudstones , medium to coarse grained sandstones, and local granular to pebble conglomerate
lenses. Air fall tufts found locally, but are uncommo n. Lithic and feldspathic sandstones are typically thin
(30-SOcm) exhibiting lenticular geometries with lateral stratigraphic extent of <15 meters . Primary
sedimentary structures include trough and planar cross-stratification , plane bed and ripple laminations.
Feldspathic sands are biotite and muscovite bearing, and contain conglomerate lenses of granule-size black
chert and Proterozoic quartzite clasts but are uncommon. Air fall luffs are typically thin (10-45cm) and are
white-gray , blue gray-green in color. Tufts locally contain granule to pebble lithic grains suggesting some
degree of reworking . At least 50 m thick based on exposure.

Tmc

Tmcs

Tst

Tims

Tmb

(Six Mile Creek Formation, Miocene-Pliocene) Angular to sub angular boulder/cobble/gravel beds.
Clasts are dominantly sandstone of the Quadrant Formation, some limestone and volcanic clasts .
Beds are generally massive clast-supported conglomerate with local sand-rich matrix-supported
conglomerate . Local trough cross stratification is present near basal contacts . Outcrops of Tsy are
limited to the northeastern corner of Grasshopper basin in sec. 6 , 7, 12, 13, 18, and 24, T. 7 .S.,
R.12.W, Mill Point Quadrangle and sec. 5, 8, 17, T.7.S, R.11.W, Bannack Quadrangle. Unit is
subhorizontal above older east-tilted units (<7 degree dip). Distribution indicates that the Six Mile Creek
Formation filled SE trending paleovalleys (Thomas , 1981; Sears . person . Comm., 1994). Roughly 75 m
thick in the northwestern Bannack and northeastern Mill Point quadrangles .

Tbp

Tcg 2

Ts

(Intrusions, Oligocene) Gray-black to brown andesitic basalts. Primarily aphanitic with smaller
phaneritic bodies. Intrusives present as plugs and dikes. Units Ti in sec . 24 and 25, T.8.S., R.12.Ware
the intrusive equivalent of basalt flows Tb located in the axis of the Bannack-Bench syncline in the
eastern portion of Grasshopper basin. Whole-rock 40Ar/39Ar age determinations from a groundmass
concentrate at 27.59 + 0.23 Ma (Janecke et al., 1999).

Tertiary Sedimentary Rocks
Tsy

pCm 2

(Bonner Quartzite, Proterozoic) Red to pink, fine to medium-grained hematitic to feldspathic quartzite.
Thin to thickly bedded. Large meter scale cross-stratification is common and red argillite rip-up clasts are
common on the foresets or scoured faces of cross-beds. Rip-up clasts may exhibit crude imbrication . White
feldspar flakes 1mm across are visible in hand sample . (Description modified from Coppinger, 1974).

(Fine sedimentary rocks, Late Eocene-Late Oligocene) Medium to thickly bedded yellowish-orange , tan
to brown , and light to dark gray shales and mudstones and orange, tannish-brown sandstones . Shales and
mudstones are characteristically tuffaceous and exhibit both low to moderate plant-rich organic content and
fish fossils (Becker, 1969). Sandstones are tabular and vary from lower fine to medium sand. The darker
colors of shale beds and lower percentage of sand content help to differentiate unit Tsf from units Tsfu and
Tsfc. Also , sandstones in Tsf typically show partial Bouma sequerces unlike sandstones in units Tsfu and
Tsfc. Unit Tsf is roughly equivalent to the lower two thirds of M'Gaiigle et al. (1991) unit Tsu. At least 1250
m thick in the Grant Quadrangle

pCm 1

(Pre Bonner Quartzite, Proterozoic) Dark grayish red to dark orangish-red , fine to medium-grained,
m icaceous , generally hematitic feldspathic graywackes and feldspathic quartz ites. Thinly laminated to thinly
bedded. Laminae are marked by concentrations of heavy minerals and micas. Slightly rounded magnetite
grains are common in heavy mineral concentrations . Poorly to moderately sorted. (Description modified
from Coppinger , 1974) .

pCw

(Wallace Formation, Proterozoic) White, medium to coarse grained, feldspathic quartzite. Thin bedded to
massive. Meter scale cross-stratification is common. Quartzites locally exhibit recrystallized metamorphic
features. Moderately to well sorted. (Description modified from Coppinger, 1974).

Xb

(Archean?-Middle Proterozoic gneiss) Predominantly gray-tannish brown , quartz-biotite gneisses and dark
colored biolilic metasedimentary rocks (Hansen , 1983; VanDenburg , 1997). Abundant quartz , biotite , and
plagioclase , with traces of garnet, amphiboles or pyroxenes, zircon, appitite , and magnetite (Coppinger,
1974; VanDenburg , 1997). The only exposure of Archean basement is found in the Coyote Creek
Quadrangle in sections 31, 32, and 33 ofT.9.S , R.14.W. Archean gneiss in this location is in depositional
contact with and underlies the Proterozoic Wallace Formation. No age determination has been made for this
locality of basement , howver, M'Gonigle (1993) has shown using U-Pb and Pb-Pb dating techniques that
Archean basement exposed in the Maiden Peak Spur to the east has a late Archean crystallization history.

(Coarse-fine sedimentary rocks, Late Eocene-Late Oligocenef Tannish-brown , yellowish-orange to white
shales and mudslones , brownish-orange siltstones , and tannish-white, orange sandstones. Shales are
characterized by moderate to high organic content, and are thinly (1-5cm) to medium (2-5cm) bedded .
Siltstones also have moderate to high organic content. Sandstones are tabular to locally lenticular in nature
with sharp upper contacts and sharp to locally scoured lower contacts. The lighter weathering color and high
organic content of shale beds in Tsfc helps to differentiate them from shales in unit Tsf. The higher
percentage and coarser nature of sandstone beds is also diagnostic. Unit Tsfc is equivalent to the lower Tsu
of M'Gonigle et al. (1991 ). Roughly 100 m of section exposed in the eastern Bachelor Mountain and
western Grant quadrangles .
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DESCRIPTION OF MAP UNITS

Tb

(Post Bonner Quartzite, Proterozoic) Red to light pink, white to light gray, medium to coarse-grained
protoquartzite , feldspathic quartzite and feldspathic graywackes . Thin bedded . Cross-stratification and ripple
cross-laminations are common . Some surfaces may contain dark red argillite rip-up clasts. White feldspar
flakes up to 1-2mm across are visible in hand sample . (Description modified from Coppinger, 1974).

Tcg1 (Zone of interbedded units Tc, and Tsc2 and Tsfc, Late Eocene-Middle Oligocene) Cobble to pebblesized clast supported conglomerate , yellowish-orange to tan , well cemented quartz sandstones and
orthoquartzite , and Tannish-brown , yellowish-orange to white shales and mudstones , brownish-orange
siltstones , and tannish-white , orange sandstones . Conglomerates are subangular to subrounded. Bedding
in conglomerates is massive to lenticular in outcrop scale.

Tcv

Madison
Group

pCm 3

Tertiary

Tim s

-""'

(Upper fine sedimentary rocks, Late Eocene-Late Oligocene) Medium to thinly bedded white , yellowishorange , brown to gray shales and mudstones , gray to brown siltstones, and yellowish-orange to tan
sandstones . Shales are platy (<1mm) to medium bedded (2-Scm) and many zones are tuffaceous .
Mudstones are massive to medium bedded . Shales and mudstones contain high to moderate amounts of
plant-rich organic material. 10-30mm thick , laterally discontinuou s lignite stringers are common containing
visible plant debris . The white to tan , orange to yellow weathering color and platy nature of shale beds in
Tsfu helps to differentiate them from shales in unit Tsf. The higher percentage and coarser nature of
sandstone beds in unit Tsfu is also diagnostic. Unit Tsfu is roughly equivalent to the upper third of M'Gonigle
et al. (1991) unit Tsu. At least 550 m thick in the eastern Grant Quadrangle.

(Zone of interbedded units Tmc and Tst, Late Eocene-Late Oligocene) Granule to cobble , poorly sorted ,
matrix supported to locally clast supported , volcanic and limestone clast conglomerates and gray to
orangish-red mudstones and buff to tan feldspathic sandstones. Bedding is tabular to lenticular in outcrop
scale with sharp to scoured basal contacts . Conglomerates are massive and locally show inverse grading.
(Conglomeratic mudstone, Eocene-Early Miocene) Mudstone , conglomerate , sandstone, and
limestone/calcareous siltstone on the eastern margin of Grasshopper Basin. Unit appears to range in bed
thickness from thickly bedded (>Sm) to thinly bedded (<1m). The unit is red, brown, and tan to gray in color.
The color of the mudstones in this unit is very persistent and distinctive . Mudstones are reddish brown in
color, locally organic rich, massive to locally medium bedded. Granule to boulder-size conglomerates are
matrix rich, clast-supported to matrix-supported in places. Conglomerates exhibit both inverse and normal
grading. Where inversely graded , beds show irregular upper surfaces characterized by cobble to bouldersize clasts draped by a thin (2-Smm) clay cover. Normally graded conglomerate beds locally exhibit clast
imbrication. Fine to coarse lithic sandstones are tan to gray in color and are generally interbedded with
conglomerates. Dark gray micritic limestone beds, which range in thickness from 20-30 cm, are uncommon
in the sequence . Calcareous siltstones are massive, tan in color and contain gastropod fossils and lenses
of lithic pebbles . Tmc is restricted to an outcrop belt ranging from .75-2km within the Muddy-Grasshopper
detachment fault on the eastern side of the basin. Unit interfingers with units Tmcs , Ts!, and Tsfu. Unit Tmc
is the lateral equivalent of the upper conglomerate unit Tcu of M'Gonigle et al. (1991 ). At least 700 m thick
in the Grant Quadrangle , secs.35, 36, 2, 1, 11, 12, T.8 and9 S., R. 12 W.
(Sandy-conglomeratic mudstone, Middle Oligocene to Early Miocene) Mudstone, conglomerate ,
sandstone , siltstone , and air-fall tuft in the northern part of Grasshopper Basin, east and southeast of Mill
Point. Thinly bedded (<1m) to medium bedded (1-2m). The unit is white , tan, brown , and gray to green in
color. Beds are usually massive, but show thin bedding and nodular textures , possibly soil development , in
the upper SOcm-1m of the unit. Pebble to cobble-size conglomerates are clast supported , massive to
normally graded. Beds show both tabular and lenticular geometries with moderately erosive (20-40cm
erosional relief) basal contacts and sharp to irregular upper surfaces . Clas! imbrication is strongly exhibited
in both massive and normal graded beds. Clasts are rounded, sub-rounded to sub-angular. Cambrian
sandstone , Mississippian limestone , Pennsylvanian sandstone and orthoquartzite , Mesozoic and Cenozoic
volcanic clasts are derived from the east (footwall of the Muddy-Grasshopper fault) and Proterozoic
quartzite clasts locally sourced from the north. Fine to coarse , primarily lilhic and locally feldspathic ,
horizontal and ripple laminated sandstones are white , tannish-yellow , and green to gray in color are locally
interbedded with mudstones and conglomerates . Sandstones range in thickness from 1Ocm to 1m. Coarse
to medium grained lithic sandstones fine upward and share similar provenance to conglomerate units. Airfall luffs are white and green in color and range in thickness from 1Ocm-1m. Beds of luff are tabular with
sharp upper and lower contacts. White and green luffs are crystal rich, varying in biotite content from 050% with crystal sizes ranging from .5-1mm. Altered green luffs (zeolitized) contain little biotite , but contain
granule to pebble lithics as well as mixed sub-aerial and sub-aqueous mollusks and gastropods. (Steve
Good, written comm . 2000). At least 1200 m thick in the northern reaches of Grasshopper basin, Mill Point
Quadrangle , secs . 10, 11, 12, 13, 14, 15, T. 7 S., R. 12 W. Early Arikareean vertebrate fossils found in unit
Tmcs suggest the Middle to Late Oligocene-early Miocene age (Fields et al., 1985; Nichols et al., 2001).
(Transitional sedimentary rocks, Late Eocene-Late Oligocene) Massive to thickly bedded mudstones ,
feldspathic sandstones , organic-rich sandy-siltstones , and thinly laminated organic and micaceous shales .
Mudstones are grayish-brown to red in color and are highly organic rich. Small lenses of medium
sandstone 10-20cm in thickness and 1-2m in lateral extent occasionally interrupt the massive nature of the
mudstones. Sandstones are lenticular to tabular and are white to yellowish-gray in color. Sandstones
typically fine upward and contain massive bedding , horizontal laminations , low-angle, planar and trough
cross-stratification , and ripple cross lamination. Siltstones are generally massive and range in color from
grayish-brown to tan. Shales are highly organic , contain small (mm) stringers of gypsum and are red to
brownish red in color. Tst is transitional in between units Tmcs to the north and Tse to the south. Ts! is
confined to the NE part of Grasshopper Basin, Mill Point Quadrangle secs . 2, 3, 11, 12, 14, 22, 28, 33, 34,
35, T. 7 and 8 S., R. 12 Wand is at least 800 m thick in this location.
(Limestone, Late Eocene-Late Oligocene) Massive gray-tan to brown micritic limestone overall , with
lesser biomicritic horizons present. Unit is locally thin to thickly bedded (2-15cm). Small wavy stringers of
brown to yellowish-orange mud are locally present. Unit contains subaqueous mollusks and gastropod
fossils (Steve Good, written comm . 2000). Tims is interbedded in unit Tsfu. Roughly 25 m exposed in the
Grant Quadrangle sec. 35, T 8 S., R. 12 W.

(Coarse sedimentary rocks, Late Eocene-Early Oligocene) White to yellowish-orange , tan to brown
siltstone and shale, and tan to yellowish-orange conglomeratic feldspathic sands . Shales are thinly bedded ,
and have moderate to high organic content. Pebble conglomeratic lenses within sandstones are primarily
composed of red and white quartzite clasts of the Proterozoic Belt Supergroup . Feldspathic sandstones
range in thickness from 5-30cm to 10m in thickness , vary in grain size from very fine to very coarse, and
contain both planar and trough cross stratification. Thicker sandstone beds are lens shaped showing
erosive lower contacts and sharp, horizontal to slightly irregular upper surfaces with lateral stratigraphic
extent of 12-20m. The high percentage and coarse nature of sand, pebble lag and meter-scale bed forms ,
and higher plant rich organic content help differentiate unit Tsc 2 from unit Tsfc. Unit Tse 2 is the lateral
equivalent of M'Gonigle et al. (1991) unit Tsm. Roughly 780 m thick based on exposure , and at least> 850
m based on cross section .
(Conglomeratic sandstone, Middle Eocene-Early Oligocene) Yellowish-orange, grayish-orange , white to
tan quartz and quartzo-feldspathic sandstone , orthoquartzile , and red to tannish-brown quartzite clast
conglomerate . Sandstones are medium to fine sand and commonly fine upward and in places are locally
massive. Horizontally laminated bodies are tabular with sharp upper and lower contacts . Trough crossstratified bodies exhibit erosive lower contacts and sharp to irregular upper contacts . Conglomerate clasts
are well rounded. Clasts are derived from the west and are composed of Proterozoic Belt Supergroup
quartzites . This unit is distinctive because of its very high degree of cementation , the common presence of
plant impressions , and its red/orange weathered color. Unit Ts overlies and interfingers laterally with unit Tc
and overlies a paleolandslide block in secs . 2, 29, T. 9 and 10 S., R. 13 W. Bachelor Mountain Quadrangle.
Roughly 175 m exposed in the southern and eastern Bachelor Mountain, southwestern Mill Point, and
southern Bray's Canyon quadrangles.
(Megabreccia and blocks, Middle Eocene-Early Oligocene) Megabreccia deposits and blocks.
Brecciated masses and intact blocks derived from red/pink and white/grey Proterozoic quartzites of the Belt
Supergroup to the west and from Mississippian limestone and Cretaceous Beaverhead conglomerate in the
east. One mass in sec . 11, T.9.S, R.12.W preserves a thrust fau lt that places Mississippian limestone over
Cretaceous Beaverhead conglomerate (M'Gonigle , unpublished mapping). Some of the deposits are also
derived from the Eocene Challis volcanic group Tcv. These deposits are interpreted as paleolandslide
deposits shed off highlands to the west and east. Western derived deposits appear primarily in association
with units Tc, Ts and Tsfc low in the stratigraphy and breccias and blocks derived from the east are
associated with units Tmc and Tsfu high in the Stratigraphic section. Ym and Ti of M'Gonigle and Hait
(1997), in secs. 1, 2, 5, T.1O.S, R.13.W in adjoining portions of the Jeff Davis Peak Quadrangle are here
interpreted as breccia/block deposits. Some of these masses extend into the Bachelor Mountain
Quadrangle in secs . 5, 35, T. 9 and 10 S., R. 13 W. Roughly 30 m exposed in the southern and northern
Bachelor Mountain Quadrangle.

Tc

(Lower conglomerate, Middle Eocene-Early Oligocene) Boulder-cobble to pebble-sized clast supported
conglomerate and yellowish-orange to tan quartz sandstones. Unit is red to orange overall with local white
to tan weathering zones . Beds are massive to normally graded. Local coarsening and fining upward
sequences are present, locally grading vertically into fining upward quartz sandstones. Conglomerates are
dominantly clast supported with some local sand-rich matrix-supported conglomerate. Matrix is typically
tannish-brown , to reddish-orange in color. Clasts are composed of primarily red and white Proterozoic Belt
Supergroup quartzites and < 20% Tertiary volcanic clasts (andesite, and andesitic-basalt) . Well-developed
clast imbrication is common as is meter scale trough cross-stratification . Clas! sizes decreases west to east
from boulder-cobble to cobble-pebble-sized clasts respectively. Unit Ts replaces more of unit Tc eastward .
Basal contacts are highly erosive with as much as 1- 1.5m of erosional relief. Petrified wood is also present
near the scoured, coarse basal contacts of conglomerate beds. This unit is interpreted as the along strike ,
time equivalent of unit Tc of M'Gonigle et al. (1991) and M'Gonig le and Hait (1997). Roughly 250 m
exposed .

Tse,

(Coarse sedimentary rocks, Middle Eocene-Early Oligocene) White to yellow, tan to brown siltstone and
shale , and tan to yellowish-orange coarse to granular feldspathic sands. Shales are thinly bedded , and
have moderate organic content. Granule-pebble conglomeratic lenses within sandstones are primarily
composed of red and white quartzite clasts of the Proterozoic Belt Supergroup . Moderate to high amounts
of granule-sized black chert is also present. Feldspathic sandstones range in thickness from 1Ocm to Bm in
thickness, vary in grain size from very fine to very coarse, and contain both planar and trough cross
stratification . Thicker sandstone beds are lens shaped showing erosive lower contacts and sharp, horizontal
to slightly irregular upper surfaces with lateral stratigraphic extent of 20-30m. The apparent lack of pebble to
cobble , red and white quartzite lag conglomerates, significant presence of granule-pebble black chert clasts,
and lower organic content distinguishes Tse, from Tse:. Unit Tse, is the lateral equivalent to unit Tsl and
lower most Tsm of M'Gonigle et al. (1991 ). Roughly 780 m thick based on exposure , and at least> 850 m
based on cross section. The base of unit Tse, is not exposed in the study area.

Tcv

(Challis Volcanics, Eocene) Light purple to gray, white luff . Tcv is only preserved within megabreccias and
slide blocks of unit Tmb and was presumably included as a part of paleolandslides derived from the west.
No in place exposures of Challis Volcanics exist in Grasshopper basin. A minor presence of unit Tcv in the
subsurface may be likely using cross sections by M'Gonigle et al. (1991), however, a regional paleovalley
model produced by Janecka et al. (2000) more likely predicts an absence of unit Tcv in the Grasshopper
basin subsurface . Sanidine crystals dated using the 40Ar/ 39Ar method in unit Tcv from exposures in the
Medicine Lodge Basin to the south yielded ages of 48.69-45 .7 Ma (M'Gonigle et al., 1991). VanDenburg et
al. (1998) dated sanidine crystals in the Challis Volcanics near Lemhi Pass using the 40Ar/39Ar and yielded
ages of 48.94-46.01 Ma.

Mesozoic Rocks
Kb

(Beaverhead Group, Cretaceous) Poorly-sorted , subangular to subrounded, calcite cemented limestoneclast conglomerate with quartz-sand matrix (Coppinger, 1974; Ruppel et al., 1993). Yellow-orange to gray
quartzite and sandstone clasts found but are uncommon. Clas! sizes range from granular (3-4 mm) to
pebble (5-25 mm) with boulder sized (>256 mm) clasts present but less abundant (Johnson and Sears,
1988; Ruppel et al., 1993). Ruppel et al (1993) report as much as 350 m of this formation is exposed in the
footwall of the Muddy-Grasshopper detachment fault.

Kvu

(Cretaceous Volcanics undifferentiated) High-potassium dacites and minor andesites exposed in the
footwall of the Muddy-Grasshopper fault (Ivy, 1988; Ruppel et al., 1993). Ruppel et al (1993) describe an
upper lava-flow unit and a lower silicic pyroclastic flow unit. Upper unit consists of high-potassium dacite,
andesite and dacite breccias, lava flows , volcaniclastic sedimentary rocks including pebble conglomerates
and sandstones , luffs and dikes (Ruppel et al, 1993). Lower unit consists of light tan to white , pyroclastic
flows and nonporphyritic to porphryitic , locally zeolitized luffs (Ruppel et al, 1993). Grasshopper Creek and
Cold Spring Creek luffs are included within this unit (Ivy, 1988). Unit is interbedded in the Beaverhead
Group (Ivy, 1988; Johnson and Sears, 1988).

Paleozoic Rocks
Pq

(Quadrant Formation, Pennsylvanian) Gray to yellowish-orange , fine to medium grained sandstone and
orthoquartzite . Clean quartz sandstones vary from poorly to moderately indurated exhibiting iron oxide
cements . Quartz cemented orthoquartzites are primarily fine grained. Centimeter scale cross-stratification
is common . Unit fractures into .5-6 m talus slabs. Thicknesses range from 200-350 m in the Bannack and
eastern Mill Point quadrangles (Description modified from Thomas , 1981).

PMa (Snowcrest Range Group, Mississippian to Pennsylvanian) lnterbedded gray, red and yellow siltstone ,
sandstone , and limestone . Siltstones exhibit sandstone lenses and quartzite pebble float. Crossstratification is visible in some sandstones . Limestones are typically thin 20-60 cm thick (Description
modified from Thomas , 1981).
Mm

(Mission Canyon Limestone, Lower Mississippian) Bluish gray, fine to coarse-grained limestone.
Weathers light gray. Oolitic and crinoid-rich beds are common . Brown to black chert nodular zones are
common in the upper part of the formation. Large to massive, orange to dark red and yellow jasperoid
bodies often occur near the top of the Mission Canyon Formation. At least 180-200 m thick in the footwall of
the Muddy-Grasshopper fault to the east of Grasshopper Basin (Modified from Thomas, 1981 ).

Cf

(Flathead Formation, Middle Cambrian) Light gray to yellowish-orange , feldspathic sandstones and
orthoquartzites. Cross-stratification is common as are granule-pebble conglomerate lenses. Unit fractures
into .5-2 m talus slabs. Scolithid structures have been reported (Coppinger, 1974). Flathead Formation is
exposed on Mill Point in the north end of Grasshopper basin (Modified from Coppinger , 1974).
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